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1.0 INTRODUCTION 

This report is concerned with the interior ballistic performance 
of a particular type of gun propelling charge which is attached to 
the base of the projectile and which burns in successive planar layers, 
combustion beginning at the rear face of the charge and progressing 
towards the projectile base. A propelling charge of this type is re­
ferred to as an end-burning traveling charge and is of current interest 
as a potential solution in applications requiring very high muzzle 
velocities--of the order of 3 km/sec. 

In order to permit a theoretical evaluation of the performance to 
be expected of such a charge, we have developed a model of the one­
dimensional continuum dynamics of the solid propellant and its products 
of combustion, the reaction zone being assumed sufficiently thin that 
it may be represented as an internal boundary condition. The purpose 
of the present report is to provide documentation of the model, inclu­
ding the mathematical formulation of the equations, the method of solu­
tion, and the structure and use of the computer program into which the 
model has been encoded. 

Subsequent subsections of this introduction enlarge on the concept 
of the traveling charge, define the scope of the present effort, and 
summarize the modeling approach. 

1.1 · Background 

Increasing the muzzle velocity offers two advantages: the time of 
flight of the projectile is reduced, increasing the likelihood of de­
feating a highly mobile target; and the terminal velocity is increased, 
at moderate range, increasing the likelihood of penetration of heavy 
armor. Present conventional weapons yield muzzle velocities of the 
order of 1.0-1.5 km/sec. Significant increases in effectiveness 
against the most mobile or most heavily armored targets would accrue if 
muzzle velocities as high as 3.0 km/sec could be obtained. 

The relevance of the traveling charge concept to the design of 
weapons yielding such high velocities has been discussed in some detail 
in a recent review by May et all. In the present report we confine our 
discussion to certain conceptual aspects of propelling charge perfor­
mance in order to identify the theoretical factors which have motivated 
past and present interest in the traveling charge and to note certain 
questions which may be asked about the traveling charge concept; these 
questions motivate the present work. 

Figure 1.1 illustrates, in a schematic form, the nature of the 
flows associated with a conventional granular propelling charge and an 

1 May, I. W., Baran, A. F., Baer, P. G. and Gough, P. s. 
"The Traveling Charge Effeat" 
Proceedings of the Z5th JANNAF Combustion Meeting 19?8 
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end-burning traveling charge. In neither case do we discuss the de­
tails of the ignition process; details pertaining to the conventional 
charge may be found in the recent AIAA Progress Series volume edited 
by Krier and Summerfield2• 

Except for a relatively small region of single phase flow adjacent 
to the base of the projectile, the granular propellant tends to be found 
throughout the tube at all times prior to burnout. Therefore the flow 
is that of a heterogeneous reacting mixture in which the spacewise re­
lease of chemical energy is more or less uniform. The tendency of the 
mixture to become well stirred is due to the action of interphase drag. 
Conversely the presence of a region of single phase flow adjacent to 
the projectile base is due to the vanishing of the slip velocity at the 
base. The departure of the mixture from true well-stirredness can be 
pronounced in some cases, especially during ignition, and the ballistic 
consequences may be important2• However, by comparison with the end­
burning· traveling charge, in which the propellant and its products of 
combustion are separated by a thin layer in which the heat release oc­
curs, the granular propelling charge looks very well-stirred indeed. 

Taking the two-phase mixture to be well-stirred and having more or 
less uniform density leads to the classical one-dimensional solution of 
Lagrange3 in which the velocity profile is linear and the pressure profile 
is parabolic. In particular, one may deduce that at any instant of time 
the base pressure Phase and the breech pressure Pbreech are related ac­
cording to the formula Phase = Pbreech/(1 + W/2) where W is the charge­
to-projectile mass ratio. Also, one may show that the ratio of the ki­
netic energy of the propellant mixture to that of the projectile is 
(fv/3): 1. 

These elementary classical results define the perspective from 
which the concept of the traveling charge appears to offer certain bal­
listic benefits as the charge-to-projectile m~ss ratio is increased. 
The relationship between Pbreech and Phase describes the degree to which 
the pressure at the projectile base is reduced by the requirement that 
a gradient exist to accelerate the mixture. In conventional ammunition, 
with muzzle velocities of the order of 1 km/sec, Tv is approximately 0.50 
so that Pbase- 0.80 Pbreech' Now the propulsive capacity is clearly 
due to Phase while either the weapon weight is related to Pbreech or, 
conversely, Pbreech is limited by the tube strength. The discrepancy 
of 20% between propulsive pressure and the structural pressure repre­
sents a loss of efficiency in some sense. If we now consider the charge­
to-projectile mass ratio necessary to achieve a muzzle velocity of the 
order of 3 km/sec with a conventional granular charge we find that W is of 
the order of 8 so that Phase - 0.2 ph h' Evidently we. have reached the 

. f d ... h" reec reg1me o 1m1n1s 1ng returns; much of the propulsive potential of the pro-
pellant is lost to self-work. A similar conclusion follows from an exami­
nation of the ratio of kinetic energy of the charge to that of the projectile, 
which takes the values O.l67_and 2.67 for the two cases we have considered. 

2
KPier, H. and Summerfield, M., "Interior Ballistics of Guns" 

Progress in Astronautics and Aeronautics, Vol. 66. 
American Institute of Aeronautics and Astronautics 19?9 

3 
Corner, J. "Theory of the Interior Ballistics of Guns" 

Wiley, New York, 1950 
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Now let us consider the end-burning traveling charge configuration 
also illustrated in figure 1.1. The concept formulated by Langweiler4 
has the following novel aspect. The rate of burning of the propellant 
is to be controlled in such a fashion that the reacted gas comes to rest 
with respect to the frame of reference of the gun. Evidently, the burn 
rate is required initially to be zero and to increase as the projectile 
accelerates. At any instant, however, the kinetic energy of the gas is 
zero and, in particular, as burnout is approached, all the propellant is 
at rest, the kinetic energy being contained only in the projectile. Al­
ternatively, as the gas column is always at rest, suffering neither trans­
lation nor dilation, its pressure remains constant at the initial value 
and is, moreover, uniform with respect to its length. The possibility 
that these observations can be translated into improved ballistic ef­
ficiency has motivated both past and present interest in the traveling 
charge. 

Certain questions come to mind as regards this possibility. He 
first note those of previous investigators and then add some obser­
vations of our own. 

The first question is whether the burn rates required by the 
Langweiler concept can actually be realized. It was observed b.y Vinti5 

that the regression rate would be required to be of the same order of 
magnitude as the projectile velocity, namely one or more km/sec. This 
requirement may be contrasted with the observed rates of burning of 
conventional propellants which are typically measured in em/sec at the 
largest pressures experienced in a guri. The same observation was made 
by Lee and Laidler6 who also commented on the extraordinary mechanical 
properties that would be required to transmit the propellant thrust to 
the base of the projectile. Apart from the technological difficulties 
of high strength and high burning rate, Lee and Laidler did not dis­
cern any fundamental obstacles to the implementation of the traveling 
charge concept. 

Vinti noted that the pressure on the unreacted side of the gas/ 
propellant interface would exceed that of the reactants and that the 
excess would be proportional, in some fashion, to the regression rate. 
The excess is, of course, the contribution of momentum flux to the 
total propulsive thrust. Accordingly, the Langweiler concept does not 

4 Langweiler~ H. "A Proposal for Increasing the PerfoY'ITiance of rveapons 
by the Correct Bu:r>ning of Propellant" 
British Intelligence Objective Sub-Committee~ Group 2~ 

Ft. Halstead Fxploiting Center~ Report 1247 
5 vinti~ J. P. "Theory of the Rapid Burning of Propellants" 

undated 

Ballistic Research Laboratories Report No. 841 1952 
6Lee~ L. and Laidler~ K. J. "The Interior Ballistics of the 

Propulsion Gun" Nord 10260 Contract Report CU!Fl57.. 2~ 
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operate on a constant pressure cycle. The pressure at the base of the 
propellant increases with travel and it is this pressure, moreover, 
which the tube must support. In Vinti's opinion, the resulting com­
bination of maximum pressure and muzzle velocity would not differ 
appreciably from that obtained using a conventional charge. 

A more serious objection to the traveling charge concept of 
Langweiler was also expressed by Vinti. He observed that as the pro­
jectile velocity increased to a value exceeding the speed of sound in 
the reactants, the law of burning would be required to yield super­
sonic reactants, as perceived by an observer moving with the regressing 
surface. From the theory of the steady deflagration of a gas it has 
been shown, for all models of flame structure which have .been inves­
tigated7,8,9,10, that such a process cannot occur. It was concluded 
by Vinti, therefore, that the Langweiler concept would be inherently 
incapable of realization once the velocity of the projectile exceeded 
approximately 1.0-1.5 km/sec, which is the velocity of sound in present 
day propellant formulations. 

We now add to these earlier caveats some considerations of our own. 
First we observe that the traveling charge is represented as self­
supporting. It is not difficult to show that alternative designs in 
which the propellant is supported by some structural member lead to 
rather unattractive payload capacities, most of the projectile weight 
being concentrated in the propellant support system. If the propellant 
is unsupported, and required to transmit compressive stresses of the 
order of 500 MPa, we may expect its mechanical response to enter the 
hydrodynamic regime. That is to say, the components of the stress 
deviator are not expected to exceed the yield strength--typically of 
the order of 5-10 MPa in current compositions--so that the stress 
tensor can be regarded as isotropic, to a good degree of approximation. 
This implies that the radial stress exerted on the gun tube by the 
propellant will be approximately equal to the axial stress~-as already 
assumed by Vinti. Therefore the problem of mechanical resistance due 
to wall friction must surely be considered. 

Consider next the conditions as the projectile approaches the muzzle 
of the gun. Suppose that the ideal combustion model of Langweiler has 
indeed been realized. The pressure of the gas .. is therefore some large 
value. Yet the design constraints associated with muzzle blast require 
that the pressure be suitably limited. Therefore, either the initial 
gas P!essure must be confined to that limit or burnout must occur prior 
to muzzle exit. 

7 ~· ;I_. 'h r.L·veu.c'l.-C B, K. 0. 
Detonations" 

"On the Mathematical 'J'heo:r>y of Defiag:r>ations and 
NAVORD Repo:r>t 79-46 1946 

8 
Courant, R. and Friedrichs, K. 0. '~upersonic Flow and Shock Waves" 

9 • ..,.., • 
W'l.-t.-t.-1-ams, F. A. "Combustion 'l'heo:r>y" 

10
Landau, L. D. and Lifschitz, E. M. 

13 

Interscience, New York 1948 

Addison-Wesley 1965 

"Fluid Mechanics" 
Pergamon Press 1959 



If burnout occurs, there will be imposed on the gas column a rare­
faction wave which will accelerate it towards the muzzle. If enough pro­
jectile travel occurs between burnout and muzzle exit, the velocity profile 
will resume the distribution characteristic of the conventional charge. 
From the point of view of a global energy balance, therefore, the potential 
ballistic benefit of the traveling charge is apparently diminished following 
burnout of the propellant. 

As a final observation we note that when burnout occurs, the velocity 
of the gas is required instantaneously to adjust to that of the projectile. 
Since the jump in velocity may be of the order of the speed of sound, the 
concomitant drop in pressure may be very large. Two consequences follow 
from this observation. First, the propulsive capacity of the gas after 
burnout will be diminished due to the sharp drop in base pressure. Second, 
a strong tensile wave will be transmitted through the projectile and me­
chanical failure might be a concern if sensitive fuzing or guidance com­
ponents are present. 

The loss of propulsive capacity following burnout suggests that the 
optimum use of a traveling charge will involve a design in which burnout 
occurs close to the muzzle. If the press4re drop associated with burnout 
is sufficiently great, it may be possible to satisfy the constraint as­
sociated with blast while operating from a high initial pressure. 

From the foregoing discussion it is apparent that the evaluation of 
the potential merits of the traveling charge concept must be performed in 
the context of a model capable of recognizing the hydrodynamic implications 
of certain hypothetical or ideal combustion laws. Specifically, we seek 
herein to provide a model which is capable of answering questions of the 
following type. What are the implications, in regard to performance, of 
limiting the Langweiler combustion model to subsonic or sonic conditions? 
As the Langweiler combustion model does not in fact yield a constant base 
pressure on the projectile, would a more favorable ideal combustion model 
be one in which the stress in the unreacted propellant, or the acceleration 
of the projectile, were held constant? Would such an ideal law require 
supersonic combustion? If so, what would be the losses associated with a 
limitation to subsonic or sonic states in such cases? 

1.2 Objectives and Scope of Present Study 

The objectives of the present study are to formulate, encode and demon­
strate a model of an end-burning traveling charge. The model is required to 
be of sufficient scope as to permit an assessment of the hydrodynamic and 
ideal combustion limits on performance. However, parametric studies to 
evaluate the theoretical performance of an end-burning traveling charge and 
the formation of comparisons with conventional charge performance are not 
within the scope of the present effort. 

1.3 Summary of Approach 

We first summarize the physical aspects of the model. Subsequently, we 
will comment on the method of solution. The model is predicated on the nature 
of the flow illustrated schematically in figure 1.1. The flow is assumed to 
be one-dimensional without change of area. The gas is assumed to obey a co­
volume equation of state and is modeled as a one-dimensional, inviscid, un­
steady flow with an allowance for heat loss to the tube. The propellant may 
be represented either as rigid or as a viscoplastic continuum in which an 
allowance is made for the friction exerted on the tube. 
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The breech boundary condition may be represented either as closed or 
as permeable to the gas. The latter case enables the application of the 
model to vented chambers and to recoilless rifles. The code also permits 
a simulation of the blowdown of the tube following the expulsion of the 
projectile and any unburned propellant. 

The interface between the gas and th~ solid propellant is treated 
as·a discontinuity. A variety of models are provided to describe the 
rate of burning. We have already noted that there are strong arguments 
to deny the possibility of a steady deflagration wave with supersonic 
reactants. These arguments are reviewed in Appendix A. We nevertheless 
provide models of both subsonic and supersonic deflagrations. Our pur­
pose in providing the latter is principally to permit an assessment of 
the extent to which the.theoretical performance of an end-burning tra­
veling charge is limited by the restriction of burning to the subsonic 
or sonic conditions. 

Considering first the subsonic cases it follows that only one con­
dition may be imposed on the burning process. We admit any one of the 
following. The burn rate may be described as a function of pressure 
according to measurements. The burn rate may be required to yield the 
ideal combustion of Langweiler. The burn rate may be required to yield 
a predetermined value of pressure on the unreacted side of the gas/ 
propellant interface or to yield a predetermined value of the accele­
ration of the projectile. Finally, the burn rate may be required to 
yield a predetermined Mach number of the reactants, provided, of 
course, that this value is less than one. In all these cases, the 
subsonic nature of the flow demands that the reactants satisfy a con­
dition of mechanical compatibility with the column of gas. 

If the reactants become supersonic, they are no longer required to 
be mechanically compatible with the gas. The deflagration influences 
but is not influenced by the motion of the gas unless a shock of suf­
ficient strength is formed to overtake the supersonic boundary. lve 
admit two possible models of a supersonic deflagration. The first is 
the Langweiler model. In the case of supersonic burning, two con­
ditions may be imposed on the process. The Langweiler process may be 
interpreted as specifying both the velocity and pressure of the reactants. 
A second model is defined by specifying the Mach number of the reactants 
--greater than or equal to unity--and either the pressure on the on­
reacted side of the gas/propellant interface or the acceleration of 
the projectile. 

Full details of the physical model and the relevant governing 
equations are given in chapter 2.0. In chapter 3.0 we describe the 
method of solution which may be summarized as follows. A. time dependent 
mesh is allocated subject to constraints on minimum mesh size and total 
number of points. A two level explicit marching scheme is used to up­
date the state of interior mesh points and· the method of characteristics 
is used at the boundaries. Chapter 3.0 describes in detail the imple­
mentation of the various models of burning and also discusses the rules 
according to which branching may occur among them during a given interior 
ballistic cycle. 

The method of solution is illustrated in chapter 4.0. A comparison 
is given with an exact solution for a simple case to provide an absolute 
benchmark of accuracy. A nominal traveling charge configuration is 

15 



discussed to exhibit the degree of mesh indifference of the code and 
the extent to which mass and energy are conserved on a global basis. 
We also comment briefly on the ballistic consequences of friction 
between the propellant and the tube. 

The code itself is described in Appendix B which contains tables 
of the various routines and their linkages, a glossary of variable names, 
and the format of the .data used to run the code. A Fortran IV listing 
is also attached. 
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2.0 GOVERNING EQUATIONS FOR MODEL 

The governing equations for the model consist of one-dimensional 
time-dependent statements of the balances of mass, momentum and energy· 
supported-by constitutive laws and subjected to boundary and initial 
conditions. The gas is always treated as a continuum as described in 
section 2.1. The unreacted propellant may be represented either as a 
continuum or as a rigid body, according to the interests of the user of 
the model. The equations in the continuum case are described in section 
2.2 while the case of rigid body motion is included with the discussion 
of the motion of the projectile in section 2.3. The constitutive laws 
are described in section 2.4. The discussion of section 2.4 includes 
the equations of state for the gas and the solid propellant, heat loss 
to the tube, friction between the tube wall and the solid propellant, 
resistance to projectile motion and, finally, the description of non­
ideal rates of burning such as those determined experimentally. The 
analysis of ideal burn rates, in which the reactants are required to 
come to rest or to attain a prespecified Mach number or to induce a 
predetermined level of acceleration of the projectile or of stress in 
th~ unreacted propellant, are described in section 2.5 which treats the 
boundary conditions. Finally, section 2.6 of this chapter discusses the 
initial conditions; when the propellant is burning vigorously at the ini­
tial instant, these may be non-trivial. The method of solution of the 
governing equations -is the subject of chapter 3.0. 

2.1 Balance Equations for Gas 

The motion of the gas is assumed to be one-dimensional, unsteady, 
inviscid and non-heat-conducting. However, the loss of heat to the tube 
wall is considered in the.balance of energy. Using t to represent time, 
x to represent the axial coordinate and p, u, p, e to represent the 
density, velocity, pressure and internal energy of the gas, the balance 
equations may be expressed in the usual formsB 

Balance of t1ass 

1£. + _l_ pu = 0 
at ax 

Balance of Homentum 

~+_l_( 2+ at ax pu gop) 0 

Balance of Energy 

a u
2 

at p(e + 2go) 
a 2 

+ ax pu(e +; + 2ug ) = -~ 
0 

2.1.1 

2.1. 2 

2.1.3 

Here we have also used qw to represent the heat loss per unit volume of 
gas per unit time and g0 is a constant used to reconcile units. 
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It is well known that these equations are of the hyperbolic type8 . 
That is to say, there exist real lines on which the equations reduce to 
ordinary differential forms involving only derivatives along the lines 
in question. The lines are referred to as characteristics and the dif­
ferential forms are called conditions of compatibility. The existence of 
the characteristic lines follows naturally from a consideration of the 
Cauchy problem for the quasi-linear systemll 

A~+B2j!_=C at ax 2.1.4 

where w and C are k-dimensional vectors and A and B are k x k matrices. 
Consider the transformation (x,t) ~ (s,n) so that 2.1.4 becomes 

[An + Bn ]$ = C - [As + Bs ]$ 
t X n t X S 

2.1. 5 

where the subscript denotes a partial derivative. Let the vector w be 
specified on the initial line n = n

0
• Then the line is' called free if 

2.1.5 permits the determination of the normal derivatives and charac­
teristic if it does not. The importance of this point is simply that if 
the normal derivatives can be determined, successive differentiation will 
permit the determination of derivatives of all orders with respect to n 
so that the solution can be obtained in a neighborhood of the initial data 
by means of Taylor's theorem. 

Evidently, the condition that the line n 
rank of the matrix 

f:J. = An + Bn 
t X 

n be free is that the 
0 

be r(~) = k whereupon 2.1.5 has a unique solution for the components of 
~ . When r(fl) < k the line n = n is characteristic. However, if the 
e~uation 2.1.5 is to hold at each0 point on such a line, the initial data 
are not arbitrary, but are constrained by the condition of solvability 
for the linear system 2.1.5, namely 

where t:,.+ = [f:J.; C - [As + Bsxl~s] is the augmented matrix. These condi­
tions of solvability yleld the conditions of compatibility for each 
characteristic line. 

A convenient choice for the parameter s is s = t. However, it must 
be borne in mind that ~s is a derivative with n held constant so that 
~s = ~tts + ~xxs. One may also use the relations dx/dt = xslts = -nt/nx, 
where dx and dt are understood to be differentials along the line n = n

0
, 

to recast ~ and ~+as: 

~ = Adx Bdt 

t:,.+ [fl; C - A ~] 
dt 

2.1.6 

2.1. 7 

Petrovsky, I. G. "Partial Differential Equations" 
Interscience, New York 1954 
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By eliminating e in favor of p and p in 2.1.3 and introducing the 
isentropic sound speed c, it is easy to to show that the system 2.1.1, 
2.1.2, 2.1.3 yie~ds the following characteristics and conditions of com­

+ patibility. On the lines designated by rg- whose slopes satisfy 

dx ... u ± c 
dt 

we have the conditions of compatibility 

..!!£ + E.£ du = qw 
dt - g dt ae 

0 p <-ap) p 

while on the line r 0 whose slope satisfies 
g 

we 

dx -= u 
dt 

have the condition 
2 

E.e. - .£... .!!e. • 

of compatibility 

~ 
dt g dt 

0 
ae 

p <-ap> p 

2.1.8 

2.1.9 

2 .1.10 

2.1.11 

+ - 0 We will refer to rg and rg as the acoustic characteristics and r 
will be referred to as the gas~material characteristic. g 

2.2 Balance Equations for Solid Propellant 

Tihen the propellant is represented as a continuum, it is taken to be 
one-dimensional, unsteady and isothermal. Accordingly, we require only 
the balances of mass and of momentum. We use Pp• up and a to represent 
the density, velocity and pressure in the propellant. The balance of mo­
mentum also incorporates the influence of friction due to the contact of 
the propellant with the tube wall. We have 

Balance of Mass 

ap a 
:....:...E.+-pu =0 
at ax p p 

2.2.1 

Balance of Momentum 

2.2.2 

The pressure is not assumed to be an integrable function of density 
since the stress response of the propellant is expected to be path de­
pendent in general. We anticipate the discussion of section 2.4.2 by 
noting that we take the pressure and density to be related by 

ap ap 
[..-:...E. + u ..-:...E.] 

at p ax 
2.2.3 

where a is the rate of propagation of small disturbances and is, in general, 
dependent on both density and rate of change of density. 
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The procedure summarized in the previous section may be applied to 
equations 2.2.1, 2.2.2 and 2.2.3 to yield the following characteristic 
lines and conditions of compatibility. On rp± defined by 

dx 
- = u ±a 
dt 

we have the conditions 
du 

da + P ...!!._ _____£ = + af 
dt - p g dt - w 

0 

while on r 0 defined by 
p 

dx - = u 
dt p 

we have 
2 dp 

da = ~ _.J. 
dt g dt 

0 

2.2.4 

2.2.5 

2.2.6 

2.2.7 

Equation 2.2.7 is, of course, just a restatement of equation 2.2.3. 

2.3 Motion of the Projectile 

The projectile is treated as a rigid body whose motion is resisted by 
the pressure of shocked air ahead of it and by friction between its ob­
turating band and the tube wall. The resistive terms are described in 
section 2.4.5; here we simply represent the total resistive force by F. 
Using Xp to denote the position of the projectile at any time, Mp to de­
note its mass, Ab to denote the bore area of the tube and a(Xp) to denote 
the pressure at the interface between the solid propellant and the pro­
jectile base, the equation of motion of the projectile takes the simple 
form 

MX 
p p 

g [A a(X ) - F] o-o p 2.3.1 

where a dot is used to denote a total derivative with respect to time. 

In the preceding section we described the analysis of the propellant 
viewed as a continuum. If its mechanical response is not of interest it 
may be viewed as a rigid body and its motion incorporated with that of 
the projectile. Let the position of the regressing propellant surface 
be denoted by xp, relative to the same origin as Xp; let the instantaneous 
mass of the propellant be m and denote by r the rate of regression rela­
tive to the unreact~d propellant whose velocity is equal to that of the 
projectile, namely Xp. Evidently 

. 
r = x - X 2.3.2 

p p 

Moreover, letting pPo be the constant value of propellant density in the 
case when it is viewed as a rigid body, we clearly have 

2.3.3 
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If cr(x ) is the pressure on the unreacted side of the regressing surface, 
it folrows that the equation of motion of the propellant and the projec­
tile, viewed as a single rigid body, is just 

(M + m ) X = g [Abcr(x ) - F] 
p p p 0 p 

2.3.4 

Equation 2.3.4 can be deduced either from limiting arguments in which xp 
is approached from the unreacted side or by considering a balance of 
momentum for a control volume which instantaneously envelopes the pro­
jectile and unreacted propellant. In the latter case one has 

~t [X (M + m )] = g [~cr(x) -F) ~ ~ p rx p p p o p -o p
0 

p 

Then the substitution of 2.3.3 into this result yields 2.3.4. 

2.4 Constitutive Laws 

We use the term constitutive law in a broad sense here to denote not 
only the equations of state for the gas and the solid propellant but also 
the equations governing heat loss, friction and measured rates of burning. 

2.4.1 Equation of State of Gas 

The gas is assumed to obey a covolume of state. Thus we have 

p(l - bp) 
e = cvT = (y _ l)p 2.4.1 

where c is the specific heat at constant volume, b is th~ covolume, y 
is the ~atfo of specific heats, and we. have used T to denote the tem­
perature. If R is the universal gas constant and M is the molecular 
weight of the gas we have cv = R/M/(y- 1). Moreover, from 2.4.1, we 
have the partial derivative 

( ; ; ) p = p ~ y--b ~) 2 . 4 • 2 

as required by equations 2.1.9 and 2.1.11. Finally, the isentropic sound 
speed follows as 

2 
c ;:: iJ (1 - bp) 

2. 4. 2 Equation of State of Solid Propellant 

2.4.3 

From our formulation of the equations of motion of the solid propellant 
viewed as a continuum, it is evident that we anticipate finite strains. As 
reflected by equation 2.2.3, we embed the equation of state into the func­
tional dependence of the rate of propagation of·small disturbances on den­
sity and.the rate of change of density. The general constitutive model for 
the response of the propellant may be thought of as viscoplastic since 2.2.3 
expresses a differential relationship between stress and strain. Moreover, 
the relationship need not be reversible. However, hereditary behavior is not 
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considered here. Viscoelastic or hereditary behavior requires that deri­
vatives of different orders be applied to stress and strain in the consti­
tutive relationship. For example, strain-rate may be proportional to 
stress so that elongation continues while the stress is held constant. 
The use of 2.2.3 implies that density, or strain, will change only under 
the action of a change in stress. Since propellants do exhibit visco­
elastic properties at moderate rates of strain and at ambient temperature, 
the use of 2.2.3 implies that the characteristic time associated with the 
application of the load must be short in comparison with the internal 
relaxation times. 

The equation for the rate of propagation of small disturbances has 
been assumed'here to take a particularly simple functional form, namely 

a = ( al pp/ppo 

l a2 

, loading 

2.4.4 

, unloading or reloading 

Here Pp
0 

is the density at ambient conditions and a1 is the corresponding 
rate of propagation of a compressive wave. If E is the modulus of corn­
pression of a laterally confined sample of propellant subjected to small 
loads, then a1 = /g

0
E/pp . To be physically meaningful, the unloading 

or reloading wave speed a~ should exceed the loading wave speed for all 
values of Pp· In fact 2.4.4 has been encoded so that if a 2 = 0, a rever­
sible law is used based on the loading branch of 2.4.4. 

Unloading, reloading and loading are defined by reference to the 
rate of compression Pp = 3pp/3t + up3Pp/ax and the nominal loading curve 
defined by 

3g 
0 

p 
[ (____£_) 3 

pp 
0 

- 1] 2.4.5 

. 
The propellant is unloading if Pp < 0; loading if pp > 0 and cr cr*; 
reloading if pp > 0 and cr < cr*. 

Expressed in the form 2.4.5, the nominal loading curve is seen to be a 
special case of that proposed by Murnaghan12 in connection with the finite 
deformation of solids; in the general case the value 3 is replaced by k in 
both the exponent and the pre-multiplying group of 2.4.5. The functional 
dependence of a on Pp and p has been encoded in a modular fashion so that 
modifications may be made e~sily when the availability of data so warrants. 

2.4.3 Heat Loss to the Tube 

We use a very simple model for the heat loss to the tube, it being 
understood that our interest in heat loss is confined to its ballistic 
consequences, particularly- the degradation of muzzle velocity. The tube 
wall is treated as though its temperature remained constant at the ini­
tial value Tw. The heat loss is determined by means of an empirical cor­
relation for the film or heat transfer coefficient based on fully 

1 turnaghan~ F. D. "Finite DefoT'mation of an Elastic Solid." 
DoveP~ New YoPk 196? 
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developed turbulent flow in a pipe. Both the assumption of constant wall 
temperature and that relating to the heat transfer coefficient are very 
crude; however, they involve errors which tend to compensate one another. 
The wall temperature will, of course, increase substantially during the 
interior ballistic cycle. A consequence of this increase will be a re­
duction in heat transfer which is proportional to the difference between 
gas temperature and wall temperature. On the other hand, the boundary 
layer is expected to be very much thinner, due to the short time available 
for its development, than is represented by a correlation based on a fully 
developed flow, and the film coefficient correspondingly greater. Thus 
the assumption of .constant wall temperature implies an overestimate of 
heat loss which is compensated by the underestimate based on a film co­
efficient for fully developed flow. 

The film coefficient is represented in the empirical form13 

2.4.6 

where h is the film coefficient, K is the thermal conductivity of the 
gas, Dis the diameter of the tube, Re0 = pluiD/~ is the Reynolds number 
based on D, Pr == Cp~/K is the Prandtl number of the gas and J..L is the 
viscosity of the gas. 

Then the heat loss per unit volume of gas is seen to be related to 
h according to 

q = i (T - T )h 
v D w 

2.4.7 

Using 2.4.6 and eliminating 1< in favor. of h and ~ we have 
. -3/5 
c lJPr · 415 

q = 0 --E.:_ Re (T - T ) 
v 'w D2 D w 

2.4.8 

where~= 0.092 according to 2.4.6 and 2.4.7. The precise value of~ 
is, however, at the discretion of the user, to facilitate ballistic 
matching. 

2.4.4· Friction Between Propellant and Tube 

The solid propellant is not expected to be able to sustain the axial 
. stresses induced by the base pressure without the support of radial con­
finement. Indeed, the strength of current formulations is such that the 
radial component of stress will be quite close in value to the axial 
stress at any point. Such hydrodynamic behavior is typical of solids 
.stressed significantly beyond the material yield point. As a consequence, 
mechanical interaction between the solid propellant and the tube wall is 
expected to be important and, in particular, the resistance due to friction 
may be of importance in many cases. 

H o "lman, J. P. ''Heat Tr-ans f ei' " MaGroaw-Hi"ll,, New Yor-k 1968 
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In order to assess the ballistic losses associated with friction 
between the solid propellant and the tube we provide two simple models. 
The first model takes the frictional resistance f to be proportional to 
the local value of the pressure in the form w 

f a - i ~ (u )cr Sgn(u ) 
w D w p p 

2.4.9 

where ~w is a velocity dependent coefficient of friction and Sgn denotes 
the sign function. 

Alternatively, if a gas film of viscosity ~f and thickness o can 
be interposed between the propellant and the tube wall, the resistance fw 
becomes10 

f 
w 

4 ~f 
---- u n of p 

and is proportional to velocity rather than pressure. 

2.4.5 Resistance to Projectile Motion 

2.4.10 

The resistance to projectile motion is considered to stem from two 
sources. We write 

2.4.11 

where Pa is the pressure exerted by the air in front of the projectile 
and Pband reflects the resistance due to the obturator or rotating band 
and is also expressed as a pressure. The resistance due to the air in 
front of the projectile is determined from the pressure behind a shock 
whose strength is such that the compressed gas has a velocity equal to 
that of the projectile at ariy instant. Then if the unshocked air is 
taken to be at rest with pressure ~0 and speed of sound c0 , it follows 
that Pa is given by 

X 

2 
2(1 - ~ )c 

2.4.12 

0 

2 
where ~ z (ya- 1)/(ya + 1) and Ya is the ratio of specific heats of air. 

The resistance due to the obturator may be given in one of two forms. 
Either it is prespecified as a tabular function of projectile travel or it 
follows from an estimate of the normal force between the obturator and the 
tube wall as follows. 

Let crz and Or represent the axial and radial components of stress in 
the projectile and, following the usual convention, let them be positive 
in tension. Let the length of the obturator, R.b be sufficiently small that 
we can typify adequately the state of stress by the values at its midpoint. 
Let Mb be the projectile mass which is supported by a section through the 
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midpoint of the obturator and let ~wb be the coefficient of friction 
between the tube and the obturator. A balance of axial forces yields 

1TD2 
--a 

4 z 
+~x.·=o 

go p 
2.4.13 

On the other hand, taking the tube to be sufficiently stiff that 
radial strains do not occur, and supposing the behavior of the projectile 
to be elastic, the axial and radial strains are related according to14 

\) 
a =---a 

r 1 - v z 
2.4.14 

where v is Poisson's ratio. Substitution of 2.4.14 into 2.4.13 yields the 
value of ar whereupon the resistive pressure due to the obturator takes 
the form 

M_X 
-l> p 

1 - v D2 JJibD 
-\)--;;- -2-

2.4.15 

Equation 2.4.15 is appropriate to the case when there is no initial inter­
ference between the band and the tube •. If such an interference does exist, 
we assume it to be characterized by an initial shot start pressure Ps· 
Then the value of Pband given by 2.4.15 is augmented by the quantity 
IJwb(Xp)p~/JJwb(O) in which the coefficient of friction is assumed to depend 
on veloc1ty. 

2.4.6 Propellant Burn Rate (Measured) 

It is assumed that if data are available to describe the burn rate 
of the propellant, the functional relationship has the usual form 

n 
r = B1 + B2p 2.4.16 

in which B1, B2 ·and n are parameters which may take different values for 
successive segments of the propellant. The value of p is assumed here 
to pertain to the reacted material. Burn rates of the form given by equa­
tion 2.4.16 are only well posed physically when the reactants have a sub­
sonic velocity relative to the regressing surface. Further discussion of 
this point is contained in Appendix A. 

2.5 Boundary Conditions 

The boundary conditions are of several types and are discussed in 
several subsections. Conditions at the breech, which may be either closed 
or open,. are discussed in section 2. 5 .1. In section 2. 5. 2 we consider 
first the conditions at the base of the projectile when the propellant 
has not burned out. Subsequently we consider the change in conditions 

14 
· Fung~ Y. C. "Foundations of Solid Meahanias'' Prentiae-HaU~ 1965 
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at burnout. Finally, we note the conditions which apply following the 
exit of the projectile, if blowdown of the tube is of interest. The 
boundary conditions then apply to the open muzzle and the discussion is 
similar to that of section 2.5.1. The conditions at the regressing in­
terface between the reacted and unreacted propellant are discussed in 
section 2.5.3. This section also addresses the analysis of the ideal 
rates of burning. 

2.5.1 Breech (Closed or Open) 

The boundary conditions at the breech are taken to apply only to the 
gas as the solid propellant is assumed never to approach the breech. When 
the breech is closed there is but one condition to consider, namely the 
vanishing of the velocity of the gas. If we take the breech as the ori­
gin of the axial coordinate x we therefore require 

u(O,t) = 0 , all t 2.5.1 

When the breech is open it is assumed to be connected to the exterior 
via a nozzle whose throat area is A* and whose discharge coefficient is 
CoB· We assume CnBA* ~ Ab. The external pressure is assumed to be neg­
ligible by comparison with the stagnation pressure at the boundary. There­
fore, we do not consider the possibility of a totally subsonic efflux 
and the external venting area is of no concern. 

The critical mass flow rate corresponding to sonic conditions at the 
throat may be approximated with sufficient accuracy by the equation3 

y+l 
yg M 2 y-1 

_ _:
0
'---(-) { 1 - 0. 224y + 0 .104/} 

RTSTAG y+l 
2.5.2 

where y = (bpSTAaM)/(RTsTAG). This result is strictly true only for the 
case y = 1.25, but we regard the evaluation of the covolume correction 
for other values of y to be unnecessary in view of the smallness of the 
correction. The stagnation temperature and pressure are related to the 
boundary values according to 

...:r_ 
y-1 T 

P ( 
STAG) 

PSTAG = T 2.5.3 

and 
2 

u / 2go + b(p - PsTAG) 
TSTAG = T + c 2.5.4 

p 

where the unsubscripted quantities represent the boundary values. 
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Because the flow is unsteady, it is not necessarily the case that 
the Mach number M = lul/c is limited to values less than or equal to 
unity. However, ·we suppose that quasi-steady argument's do apply to the 
gas between the boundary and the exterior. Then the rules governing the 
~isc~arge may be stated as either M > 1 and.m =.pAblul < m* or else 
m = m*. As noted above, the case M < 1 and m < m* is not of interest since 
the external pressure is .assumed too low to allow a totally subsonic dis­
charge. Since discharge is expected to commence with a Mach number less 
than or equal to unity, a transition to supersonic venting requires that 
a sufficiently strong compression wave impinge upon the boundary, the 
strength increasing with the excess of ~ over CnBA*. In principle, if 
Ab > c0BA*, a shock is required. 

A different situation arises in the case of venting through the 
muzzle after the projectile has exited. Then the flow may initially ·be 
supersonic as we comment further in the next section. 

2.5.2 Projectile Base and Muzzle Following Projectile Exit 

Considering the conditions which apply at the base of the projectile 
it is clear that prior to burnout, when the propellant is represented as 
a continuum, we have 

. 
u (X ,t) =X p p p 2.5.5 

and, following burnout of the propellant, we have the corresponding 
condition on the ~as, namely 

. 
u(X ,t) = X p p 2.5.6 

The transition from 2.5.5 to 2.5.6 occurs at the instant of burnout. 
Because the sudden application of 2.5.6 to the gas may represent an in­
stantaneous increase in velocity comparable in magnitude to the speed 
of sound, it is accompanied by a rather large drop in pressure. This 
point is discussed further in chapter 3.0 when we consider the numerical 
determination of the boundary values. 

In some instances it will be of interest to continue the solution 
following the exit of the projectile from the muzzle. The histories of 
muzzle pressure and temperature are of interest since they are connected 
with problems of blast and flash. In almost all cases of interest the 
flow will be supersonic at exit, provided that burnout has occurred. 
The discharge at the muzzle is presumed to be characterized by a discharge 
coefficient CDMUZ' Critical flow is determined by equation 2.5.2 with 
CnMUz in place of CnB a?d Ab in place of A*. If CDMUZ = 1, and the dis­
charge is initially supersonic, it will remain so unt1l the Mach number 
reaches the value unity whereupon 2.5.2 will govern the discharge and the 
Mach number will remain equal to one. As with the treatment of the breech, 
subsonic venting is not considered. If the discharge is initially super­
sonic but CDMUZ < 1, an abrupt transition will occur when the Mach number 
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decreases to a point at which the flow cannot be passed through the 
effective throat area AbCDMUZ· Physically, the occurrence of choking 
will result in the rearward propagation of a shock or strong compression 
wave to decelerat'e the supersonic flow. The magnitude of the jump will 
be proportional to the degree of departure of CDMUZ from unity. 

On the other hand, if the discharge is initally subsonic, choking 
will occur at the instant of expulsion of the projectile and a rare­
faction will be propagated rearward to accelerate the flow. 

2.5.3 Gas/Propellant Interface 

The layer in which the unreacted propellant is thermally stimulated, 
decomposes, and releases its energy of chemical bonding, is assumed to be 
sufficiently thin that it may be represented as a surface of disconti­
nuity. Further discussion of this assumption is given in Appendix A. 
Using the previously established nomenclature, we may express the prin­
ciples of conservation of mass, momentum and energy for the propellant 
transported across the surface of discontinuity in the following forms.B 

p(u - i ) = - pp r 2.5.7 
p 

p + ...£... (u -
• 2 +~ 2 2.5.8 X ) = cr r 

go p go 

e+.E.+_l_ • 2 2 
(u - x ) e +~+-r- 2.5.9 p 2g p p Pp 2go 0 

Here ep may be understood to mean the chemical energy released following 
decomposition of the propellant. We also note 

x = u + r 2.5.10 
p p 

which is identical with 2.3.2 when the propellant is taken to be rigid. 
Of course, if the propellant is not burning as may be required in certain 
ideal cases, 2.5.7, 2.5.8 and 2.5.9 are replaced by the conditions of 
continuity of pressure and velocity. 

Because the regressing surface is presumed to be a deflagration wave, 
its velocity of advance relative to the unreacted propellant must always 
be subsonic 8 Accordingly, when the propellant is treated as a con-
tinuum, it follows that the characteristic lines rpo and rp- both inter­
cept the regressing surface and impose conditions of compatibility be­
tween the boundary values on the unreacted side and values in the interior 
of the propellant. Further discussion of the application of this obser­
vation is given in chapter 3.0. Because of the two conditions of com­
patibility, the three quantities cr, up and Pp are not all independent of 
the state of the interior. We may regard cr as the independent member 
which, when specified, yields unique values of up and Pp which are com­
patible with the interior state of the propellant. On the other hand, 
if th~ propellant is treated as rigiu we have Pp = Pp , a constant, and 
Up • Xn which is, in turn, a function of cr. Accordin~ly, we may consider 
cr as the only unknown 9uantity pertaining to the state of the unreacted 
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propellant and that up and Pp are either given or follow from the condi-
tions of compatibility. From this perspective therefore, we have five 
independent quantities to be determined at the interface, namely p, p, 
u, a and r. The internal energy e is, of course, given as a function 
of p and p and xp is related to Up and r via equation 2.5.10. Thus we 
have three conditions, equations 2.5.7, 2.5.8 and 2.5.9 to determine 
five quantities. Clearly, we need two additional independent relations. 

When the reactants are subsonic,, as viewed from the regressing sur­
face, it follows that characteristics of the r + family intercept the 
boundary and impose a condition of compatibili~y with the state of the 
interior of the gas. Thus, whenever the reactants are subsonic there 
remains just one additional condition which may be applied to the boun­
dary values independently of the principles of conservation of mass, 
momentum and energy and of the requirement that the state of each side 
of the interface be compatible with the contiguous substance. 

In the event that the reactants are subsonic we consider that the 
remaining boundary condition may be any one of the following. 

(a) Measured Burn Rate (With Subsonic Reactants) 

When measurements of the burn rate as a function of 
the pressure of the fully reacted gas are available, the 
burning rate law, in the form 2.4.16 completes the deter­
mination of the boundary values. 

(b) ideal Burning of Langweiler (With Subsonic Reactants) 

According to the ideal traveling charge model of 
Langweiler4 the reactants are to be brought to rest once 
reaction is complete. The condition u = 0 serves to com­
plete the determination of the boundary values. 

(c) Presp,ecified Value of Pressure on Unreacted Side or of 
Acceleration of Projectile (With Subsonic Reactants) 

It is easy to see that if the ideal combustion of 
Langweiler commences from some initially quiescent state 
then the pressure of the reactants remains constant in 
time and uniform over the length of the gas column. How­
ever, the-pressure on the unreacted side of the inter-
face exceeds that in the gas by an amount which increases 
with the velocity of the projectile, the excess being due 
to the momentum jump at the interface and representing the 
contribution of momentum flux to the total thrust. From 
this point of view, therefore, the Langweiler concept 
departs from the traditional concept of an ideal interior 
ballistic cycle. The continual increase in the pressure 
of the unreacted propellant implies that the tube must be 
able to support a value which is higher than the average 
value used to propel the projectile. In addition, while 
the pressure is increasing, the total mass of the propelled 
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body, namely the projectile plus the unreacted propellant, 
is diminishing due to consumption of the propellant. Thus 
the acceleration of the projectile increases even faster 
than the pressure. In some cases the maximum allowable 
acceleration of the projectile may be constrained by struc­
tural considerations. 

A direct statement of the traditional concept of a 
constant base pressure gun may be expressed by requiring 
that the pressure on the unreacted side of the interface 
be equal to some predetermined value. Such a condition 
then allows the determination of all the boundary values. 
If, alternatively, the structural limitations of the pro­
jectile are of concern, it may be desired to hold the 
acceleration equal to some limiting value. \~en the 
propellant is treated as a rigid body, equation 2.3.1 
enables the direct translation of the condition on accele­
ration into a condition on the instantaneous value of 
the pressure on the unreacted side of the interface where­
upon all the boundary values may be determined. 

When the propellant is treated as a continuum it 
does not necessarily follow that the maximum pressure 
will occur at the interface since transient phenomena 
govern the distr'ibution throughout the unreacted pro­
pellant. The pressure on the unreacted side may never­
theless be prespecified and, once given, will allow 
the determination of all the boundary values. 

Similarly, the use of 2.3.1, in the case when the 
propellant is treated as a continuum, enables an in­
stantaneous value of the pressure on the unreacted side 
to be determined. However, it no longer follows that 
the acceleration of the projectile will be equal to the 
desired value. 

Therefore, while we have encoded the possibility 
of an ideal combustion which yields either a predetermined 
value of pressure on the unreacted side or an equivalent 
value based on equation 2.3.1 and a prespecified value of 
acceleration, it should be understood that only when the 
propellant is treated as rigid will the desired ballistic 
consequence--control of maximum pressure or of projectile 
acceleration--be attained precisely. Transient phenomena, 
which will be determined by a continuum representation, 
may defeat the intended objective of the ideal law. 

(d) Predetermined Mach Number of Reactants (Subsonic) 

A final condition which we have considered is that the 
Mach number of the reactants be equal to some predetermined 
value. Given such a value, less than unity, all the boun­
dary values may be found. 
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I. 

The preceding discussion has addressed several different conditions 
which may be applied, singly, to complete the specification of the boun­
dary values when the reactants are subsonic. It may be of interest, as 
already mentioned in chapter 1.0, to consider an interior ballistic 
cycle in which the combustion is limited by more than one of the fore­
going, the most limiting being considered at each stage of the cycle, 
with branching from one to another as the cycle unfolds. Further dis­
cussion of the manner in which the branching is conducted is given in 
chapter 3.0. 

To conclude the present discussion we comment on the conditions to 
be considered when the reactants are supersonic as viewed from the re­
.gressing interface. As discussed in Appendix A, there are strong argu­
ments to suggest that a steady combustion process with supersonic re­
actants cannot occur or, if it does occur, is completely unstable. 
Possibly, if the flame is sufficiently thick and sufficiently unsteady, 
supersonic reactants could result. In any case, it may be of interest 
to ascertain whether there is indeed any ballistic benefit to be gained 
from a combustion process with supersonic reactants. For this purpose 
we have encoded c.onditions which do admit the possibility of a so­
called strong deflagration wave. 

When the reactants are supersonic it is no longer the case that they 
have to be compatible with the flow in the interior of the gas. They 
influence, but are not influenced by the contiguous fluid as signals do 
not propagate from the interior to the boundary once the flow at the 
boundary b.ecomes supersonic. In contrast to the preceding discussion of 
the subsonic case, therefore, we require two independent conditions to 
determine all the boundary values. We consider the two following com­
binations. 

(a) Ideal Burning of Langweiler (With Supersonic Reactants) 

When the reactants are subsonic and the initial state 
is quiescent and uniform, the ideal combustion of Langweiler 
involves the single requirement u = 0 whereupon the condi­
tion of compatibility on rg+ yields p =PST where PST is 
the initial pressure of the quiescient fas column. When the 
reactants are supersonic, members of r no longer inter­
cept the regressing surface and the coBdition u = 0 does 
not imply P = Psr necessarily. However we may require 
P = PsT as an independent condition on the supersonic reac­
tants. Thus in the supersonic case, the ideal burning of 
Langweiler is described by two conditions u = 0 and P = PsT 
whereupon all the boundary values may be determined and, 
moreover, the gas column remains quiescent. 

{b) Prespecified Value of Pressure on Unreacted Side or of 
Acceleration of Projectile (With Supersonic Reactants) 

The previous discussion of this case subject to sub­
sonic reactants remains unchanged insofar as the 
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relationship between the pressure and the acceleration 
limitations is concerned. Therefore we predicate our 
subsequent d~scussion on the assumption that the pressure 
on the unreacted side is predetermined. To complete the 
determination of the boundary values we require an addi­
tional relationship which replaces the condition of com­
patibility on rg+• We assume that this condition is 
furnished as a predetermined value of the Mach number 
M ~ 1. It should be noted therefore that this case 
does not require the regularity of the gas phase pro­
perties which results from the continuation of the 
Langweiler combustion into the supersonic regime. 

2.6 Initial Conditions 

The initial values for these quantities governed by ordinary dif­
ferential equations are the intuitively natural set. The projectile 
is initially at rest, its position is known, and the propellant has some 
predetermined initial mass. In cases when parametric studies are to be 
performed, it may be desirable to compute these initial values so as to 
satisfy certain system constraints. Inmany cases of interest it is de­
sirable to assume that the ignition charge is of sufficient energy as 
to elevate the chamber pressure to several hundred MPa, the initial 
pressure being equal to the maximum pressure. In such cases, the con­
tribution of the igniter to the total mass and energy of the propelling 
charge may be significant and must be accounted for in a parametric 
study based, say, on a constant ratio of charge mass to projectile mass. 
We therefore note some relationships among the charge parameters which 
are useful in describing the initial conditions according to various 
alternative schemes. The schemes admitted by the code are described in 
Appendix B. 

Let the initial volume of the gas be V = Abxb where x9 is the 
length of the column at the initial instant. Let ~ST be the

0
initial pres­

sure. Let mg and IDp be the initial masses of the gas and the solid pro­
pellant and lgt W be ~he charge to projectile mass ratio. If we assume 
that the ignition gas is of the same composition as the propellant and 
that it has been fully decomposed without the performance of external 
work or heat loss, its internal energy will be the energy of bonding ep. 
Thus we have 

v 2.6.1 
(y -

e 
l)__E_ + b 

PST 

Therefore the following relationship holds between the mass of the pro­
jectile and the total mass of the propelling charge 

v WM = m + --------~---- 2.6.2 
P P

0 
e 

(y - 1)~ + b 

PST 
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When an ideal burn rate is used such that the regression rate .is zero 
at the initial instant, the initial acceleration a is given by 

a = 
t\gopST 
M + m 

p Po 

provided that the propellant is viewed as 
into 2.6.2 yields a formula which relates 
values of a and W, namely 

where va ab 

2.6.3 

rigid. Substitution of 2.6.3 
the initial pressure to given 

2.6.4 

K
1 

= -- + ( y - 1) e - -- ( 1 + W) M 
t\go · p t\go p 

K = 4 (y - l)ab e M(l + W) 
2 . t\go p 

It should be kept in mind that 2.6.1 and 2.6.4 which depend on the assump­
tion that the initial energy of the gas is equal to ep are only strictly 
true when the regression rate is initially zero, as will be clear from 
the subsequent discussion of the continu~ variables. 

In principle, the initial conditions for the continuum variables 
should express the state of the combustion chamber and the solid pro­
pellant directly after loading into the gun. That is to say, the gas 
should be air at ambient temperature and pressure, the propellant should 
be at ambient pressure, and both should be at rest. The model should 
then reflect the influence of the igniter products which simultaneously 
pressurize the chamber and provide a thermal stimulus to the propellant. 
However, the present model does not reflect explicitly the influence of 
the igniter. The characteristics of the igniter are taken to be ern­
bedded directly into the initial conditions. 

In those cases in which the propellant is taken to have a non-zero 
burning rate at the initial instant, either due to a prespecified pres­
sure dependent burning rate or as a consequence of satisfying the pre­
determined condition on the pressure on the unreacted side of the inter­
face, the initial velocity distribution in the gas is taken to vary 
linearly from the value zero in the breech to the value determined on 
the fully reacted side of the interface. This provision eliminates the 
necessity for dealing with a non-analytic initial condition. The pres­
sure and density are, however, uniform and are taken to be equal to the 
boundary values on the reacted side of the interface. 

The solid propellant is always taken to be at rest. However, when 
wall friction is considered we assume that the initial distribution of 
pressure is such as to satisfy the condition of mechanical equilibrium. 
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Then if a is the value at the unreacted side of the interface, the pres­
sure within the propellant is given by the distribution 

a(x) = aexp {- ~(x- xp)} 2.6.5 

where lJ is the coefficient of friction corresponding to u2 = 0. This 
initial distribution reflects the possibility of lockup of the charge 
when its aspect ratio is sufficiently large. 

The initial length of the solid propellant depends on the distri­
bution of pressure. Evidently we have the relation 

2.6.6 

where Pp is assumed to be related to a according to the nominal loading 
curve 2.4.5. The length is determined iteratively using a midpoint 
search so that more complicated constitutive data can be accommodated 
without changing the method. 
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3.0 METHOD OF SOLUTION 

Having summarized the governing equations for the model, we turn now 
to the method of solution. The method of solution may be summarized as 
follows. The physical domain occupied instantaneously by the gas is mapped 
onto a unit line to yield a stationary equally spaced mesh for the pur­
pose of obtaining a finite difference solution of the balance equations. 
The same is true of the domain occupied by the solid propellant when it 
is represented as a continuum. In each case the solution is advanced in 
time by means of a two level predictor/corrector algorithm which uses the 
physical balance equations at the interior mesh points and the charac­
teristic forms at the boundaries. 

The mesh allocation algorithm is described in section 3.1 and the 
computational form of the equations is described in 3.2. The procedu~es 
for interior and boundary mesh points are described in se·ctions 3. 3 and 
3.4 respectively. The chapter concludes with a discussion of special 
considerations, such as the treatment at burnout, in section 3.5. 

3.1 Mesh Allocation 

The mesh is allocated dynamically, the number of mesh points varying 
from time to time in accordance with the following algorithm. The user 
specifies two parameters which we refer to by their Fortran names, see 
Appendix B, namely DXMIN, the minimum allowable mesh spacing in the phy­
sical plane, and MAXDDI, the maximum allowable total number of mesh 
points to be used in the calculation. Then a total of NDDI mesh points 
is allocated to the representation of the gas and a total of NDIM2 -NDIM 
mesh points is allocated for the representation of the propellant, if it 
is treated as a continuum. The allocation is subject to the following 
constraints. 

X 

NDIMP- 1 ~ DXMIN 3.1.1 

X -X 

p p ~ DXMIN 
NDIM2 - NDD!l - .. 3.1.2 

where NDIMl = NDIM + 1, and the total number NDIM2 is required to satisfy 

NDIM2 S MAXDIM 3.1. 3 

If the propellant is not treated as a continuum, 3.1.2 is not used and 
3.1.3 is replaced by NDIM s MAXDIM. In addition, it is required that 
each continuum region be sufficiently large that 3.1.1 and 3.1.2 will 
admit at least three mesh points. 

When the propellant becomes so short, as a consequence of burning, 
that 3.1.2 will no longer admit three or more mesh points for its repre­
sentation, the code automatically resets an internal switch and the cal­
culation is concluded with the propellant treated according to a lumped 
parameter formulation. Further discussion of this point is given in 
section 3.5. 
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The constraints 3.1.1 and 3.1.2 are used first to establish a total 
number of mesh points to yield a resolution DXMIN. If 3.1.3 is satisfied, 
the values NDIM, .NDIM2 given by 3.1.1 and 3.1.2 are used to represent the 
solution. If 3.1.3 is violated, the total number MAXDIM is allocated on 
a pro rata basis in accordance with the numbers proposed by 3.1.1 and 
3.1.2. 

The mesh allocation algorithm is exercised at the beginning of each 
integration step. From time to time the total number of mesh points al­
located to a region may vary. It then becomes necessary to interpolate 
the existing arrays in order to create the new representation of the 
solution. 

We use the cubic spline interpolation scheme of Walsh et al1 5 , sim­
plified to take advantage of the fact that the data are equally spaced. 
Let cp(x) be the interpolating function for data Yj = y(xj)., j = 1, ••• ,n 
and X·+l - x. = d where d is a constant. Let lJj = cp"(xJ.J, then we have 
h .J lJ . f 1 t e 1nterpo at1on ormu a 

ljl(x) {{x- xj)yj+1 + (xj+1 - x)yj}/d 3.1.4 

- (x- xj)(xj+1 - x){(d + xj+1 - x)lJj + (d + x- xj)lJj+1 }/6d 

One may show that if we take s
1 

= 1 and put 

1 - 1/(165 . .1) 
. J-

3 z. = -2 (y '+1 + y. 1 - Zy.) 
J 2d J J- J 

then, defining z ' = Z and putting 
2 2 

z. '1 
z.' = z. - ---1.:::!:._ j > 2 

J J 4S. 2 ' 
J-

the values of lJj follow as lJ1 lJn 

= Z ' /S lJn-1 n-1 n-2 

l.lj 

3.1.5 

3.1.6 

3.1. 7 

0 and 

3.1.8 

3.1.9 

15walsh, J. L., Ahlberg, J. H. and Nilson, E. N., '73est Approximation 
Properties of the Spline Fit" 

J. Math. Mech. 11, 225-234 1962 
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3.2 Transformed Equations 

Taking the.origin to be at the breech it follows that the gas may 
·be mapped onto a unit line by the transformation 

z;; = x/x 
p 

3.2.1 

It follows that the balance equations must be transformed according to 
the rules 

We 

and 

a 1 a --+--
ax x az;; 

p . 
a a z;;x a 
--+--~­
at at x az;; 

p 

also note that for 

1 a 
-- [W(u - n)] x az;; p . 

arbitrary 1jJ 

. 1 a 
=--lj!u 

x. az;; p 

where we have introduced n = 

X 
...!L~-ljJ_E 
X az;; X p p . 

z;;x. . 
p 

We now introduce the dependent variables 

PX 
p 

G1u = puxp 

2 
G

1
(e + u /2g ) = 

' 0 
2/ px (e + u 2g ) 

p 0 

3.2.2 

3.2.3 

3.2.4 

3.2.5 

3.2.6 

3.2.7 

The transformed, or computational, form of the balance equations 2.1.1, 
2.1.2 and 2.1.3 is then seen to be as follows. 

ac1 a 
[ 

G1 
(u - n)] ..; 0 --+-

at az;; X p 
3.2.8 

ac2 a G2 
(u - n) + g p] 0 --+-at a~; X 0 p 

3.2.9 

ac3 a G3 
(u - n) + pu] --+- = -~xp at a~; xp 

3.2.10 

The balance equations for the solid propellant can be put into a form 
analogous to 3.2.8 and 3.2.9. However, because of the differential 
constitutive law 2.2.3, it is convenient to keep the total time derivative 
of Pp, isolated. The computational form of the equations 2.2.1, 2;2.2 
and 2.2.3 is as follows. 

apn up - np apn P_P aun 
~ + ~ + - ~ = 0 
at x - x az;; x - x az;; p p p p 

3.2.11 
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au u n au g f 
~ + p .P ~ + o ao w 
at X - X a~ p (X - X ) ~ = pp 

p p p p p 
3.2.12 

u - n 2 ap u - n ap 
]E. + p p ]E. - ~ {~ + p p ~} 
at x - x az; - g

0 
at x - x az; 

p p p p 
3.2.13 

where, by analogy with 3.2.1, we have z; = (x- x )/(X - x) and 
n = x + z;(x - x ) . P P P 

p p p p 

3.3 Integration at Interior Mesh Points 

The balance equations for the gas phase are integrated at interior 
mesh points using the two-level predictor/corrector scheme of MacCormack.76. 
Let ~~ be understood to mean the value of ~ at the j-th mesh point and 
the n-th step of the integration. Then 3.2.8, 3.2.9, 3.2.10 are put into 
a finite difference form according to the following rules of discretization. 

(~ -j !/J~)/flt 
J 

, predictor 

l!J!..-+ 
at 3.3.1 

(~~+1 - 1/2(~. + ~~))/(M/2) 
J J J 

, corrector 

and 

n 
(~j+1 - ~;)/llz; , predictor 

l!J!..-+ 
az; 

'\, '\, 

(~j :- ~j-1)/llz; 

3.3.2 

, corrector 

where llz; is the nondimensional mesh spacing in the computational plane 
and llt is the time step through which the solution is being advanced. The 
substitution of 3.3.1 and 3.3.2 into 3.2.8, 3.2.9, 3.2.10 at the predictor 
level yields a system of linear algebraic equations for the predictor 
quantities ~1 • Then the corrector level of the scheme is performed to 
yield the values ~~+1. 

Somewhat different rules are used to perform the discretization of 
3.2.11, 3.2.12 and 3.2.13. ·The rules for the time derivatives are as ex­
pressed by 3.3.1. However, first order upstream differencing is always 
used for the convective terms and the remaining spacewise derivatives are 
treated by centered differencing. That is 

16 
MacCormackJ R. W. 
Cratering" 

"The Effect of Viscosity in HyperveZocity Impact 
AIAA Paper 69-354 1969 
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if u - n < 0 p p 
a . 

(u -~n ) .£! = 
P P ar; 

3.3.3 

if u - n ~ 0 
p p 

at both predictor and corrector levels. But 

~ - ljij+1 - ljij~1 
ar; - 2L'lr; 3.3.4 

applies to aup/ar; in 3.2.11 and to acr/ar; in 3.2.12 at both predictor and 
corrector levels. 

We also note that the rule expressed by 3. 3.1 serves to. define an· 
algorithm for the integration of the ordinary differential equations such 
as 2.3.1, for example. 

In order' to assure stability of the method it is necessary that the 
time step be constrained. This point is discussed in section 3.5. 

3.4 Integration at Boundary Mesh Points 

The algorithms'for the boundary points may be summarized in the fol­
lowing general form. The conditions of compatibility on those charac­
teristic lines which intersect both the boundary and the line bearing the 
data at the present.step are used to determine linear relationships be­
tween the boundary values of velocity and pressure and between the boun­
dary values of density and pressure. These linear relationships are 
combined with the physical boundary conditions and the combination is 
then solved as a possibly nonlinear algebraic system, the method of solu­
tion varying in complexity in accordance with the nature of the boundary 
conditions. 

We first indicate the manner in which the characteristic forms of 
the equations are used to establish linear relationships among certain 
of the boundary values, taking the gas-permeable breech as an example. 
The procedure at other boundaries is completely analogous. Subsequently, 
we will consider the impact of the physical boundary conditions, pro­
ceeding case by case through a number of subsections. 

The sketch below illustrates the 
t 

1 

T 
L'lt 

l X 

2 5 3 ,. 6x .. , 
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conditions pertinent to the subsonic 
efflux of gas through the breech and 
is expressed in terms of the physical 
coordinate x. The point 1 is under­
stood to correspond to the state of 
the boundary at the next step of the 
integration. The points 2 and 3 cor­
respond to the boundary and the ad­
jacent mesh point at the present step. 
The point 5 corresponds to the inter­
section with the line of present data 
of the characteristic rg- which also 
intercepts the point 1. Similarly, 



0 r • the material characteristic intercepts the boundary at 1 and the 
l~ne of present data at 4. If the boundary were impermeable the point 4 
would coincide wi'th 2. If, on the other hand, the efflux were suffi-

' ciently intense as to become supersonic, there would also be a member 
of the family r

8
+ which would have an intersection with 1 and the segment 

2-3. 

Knowing ~x and 6t, the points of intersection 4 and 5 are deduced 
using 2.1.10 and 2.1.8 respectively, with the values of u and c deter­
mined at 2 on the predictor level and at 1 on the corrector level, the 
values in the latter case following from the predictor level solution. 
The conditions of compatibility 2.1.9 and 2.1.11 are interpreted as 
finite difference formulae with the state variables evaluated at 1 and 5 
or at 1 and 4 as the case may be. The values of p, p, u at 4 and 5 are 
deduced from the values at 2 and 3 by linear interpolation. The coeffi­
cients of the differential terms in 2.1.9 are evaluated as·averages of 
the values at 2 and 5 on the predictor step and 1 and 5 on the corrector 
step. A similar procedure is followed in the case of equation 2.1.11. 
No iteration is involved. 

From this analysis it is easy to see that 2.1.9 will yield a linear 
relationship of the form 

p = au + ~ 3.4.1 

Similarly, 2.1.11 will yield a relationship of the form 

p = 8p + cp 3.4.2 

where p, u, p are all understood to be values at 1. Equation 3.4.2 
remains valid if the boundary becomes impermeable but may not be used if 
the flow corresponds to influx. Similarly, 3.4.1 may be supplemented 
by a second such relationship if the efflux becomes supersonic and two 

· acoustic characteristics intercept the boundary from the interior. We 
note that in such a case, therefore, p and u are completely determined 
as the solution of the two linear equations. On the other hand, if the 
state corresponds to a supersonic influx, then 3.4.1 may not be used at 
all; acoustic waves no longer reach the boundary from the interior of 
the flow. All these possibilities will be exercised in the subsequent 
discussion of the physical boundary conditions. 

Our comments thus far have pertained specifically to the gas. 
Perfectly analogous considerations apply to the solid propellant. For 
future reference we state the characteristic forms as 

a = a u + ~ 3.4.3 
p p p 

corresponding to a member of r + or r and 
p p 

p - 8 0 + cp 3.4.4 
p p p 

. 0 
which corresponds to a member of rp • In the present study we shall be 
concerned only with boundary conditions which express either imperme­
ability to the solid propellant or subsonic efflux. 
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3.4.1 Breech (Closed or Open) 

l~en the breech is closed, the physical boundary condition 2.5.1 
yields u = 0 directly. Then the pressure follows directly from a con­
dition of compatibility in the form 3.4.1 and the density from 3.4.2. 
The solution is therefore complete. 

If the breech is open and the efflux is supersonic, then as noted 
above, p and u follow from the two relations of the form 3.4.1 cor­
responding to the two acoustic characteristic intersections. The density 
follows from 3.4.2. Before the solution can be accepted-it is necessary 
to test that the mass flux does not exceed m* given by equation 2.5.2. 
If the value m* is exceeded, or if the flow is subsonic, the efflux is 
required to be as given by 2.5.2 and the condition of compatibility 
on the characteristic rg+ is not applicable. The boundary values are 
found iteratively, using a midpoint search. 

3.4.2 Projectile Base and Muzzle Following Projectile Exit 

At the projectile base, whether we are concerned with the continuum 
response of the solid propellant or with the behavior of the gas fol­
lowing burnout, the condition 2.5.5 or 2.5.6 yields the velocity. Then 
the pressure follows from 3.4.1 or 3.4.3, as the case ~ay be, and the 
density from 3.4.2 or 3.4.4. The projectile velocity X is always up­
dated prior to the determination of the boundary values~ 

The analysis.of the boundary values at the muzzle following ex­
pulsion of the projectile is completely analogous to that pertaining to 
the open breech. 

3.4.3 Gas/Propellant Interface 

We consider several possible cases in accordance with the manner 
of specification of the burn rate. The discussion given.for each case 
is predicated on the assumption that the solid propellant is treated as 
rigid so that its density is known as a constant value and its velocity, 
equal to that of the projectile, is given according to an update of the 
equation of motion 2.3.4. Therefore, we preface the analysis of each 
case by commenting on the consequences of a continuum representation 
of the solid propellant. In the event that the propellant is to be 
treated as a continuum we are required to satisfy two conditions of 
compatibility of the form 3.4.3 and 3.4.4. This is accomplished ite~ 
rat.fvely as follows. 

A trial value for up is proposed, based on current storage for the 
boundary values on the unreacted side of the interface. Compatible 
values a and Pp are deduced from 3.4.3 and 3.4.4. The values of up and 
Pp are used together with the remaining boundary conditions to determine 
consistent values for the state of the gas and also the pressure al . 
The latter value will not, in general be equal to a. Accordingly, the 
proposed value of up is modified by an amount L'lup = (at - a)/a.p, a is 
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replaced by the now compatible value cr' and Pp is similarly adjusted. 
This procedure is continued until the pressure cr changes by an amount 
less than 6.9 Pa. 

Branching from one condition to another is discussed in section 3.5. 

3.4.3.1 Propellant Unre~cting 

This case may arise if, for example, an ideal burn rate is specified 
to yield a value of pressure on the unreacted side which is less than the 
current pressure on the reacted side. The ideal rate would therefore 
be negative and is replaced by the condition that the propellant is not 
burning. Given up, the value u is known at once as u = up and the ana­
lysis is identical with that following burnout. 

3.4.3.2 Measured Burn Rate (With Subsonic Reactants) 

Substitution of 2.5.7 into 2.5.8 yields 

2 p 
cr =:.E._+.!_ [ -"E. - 1] 

pp pp go p 3.4.5 

Similarly, substitution of 2.5.7 into 2.5.9 yields 

2 p 
...£... = e + .E.. - e + _r_ [(-E.) 2 - 1] 
Pp P p 2go P 

3.4.6 

Then, combining 3.4.5 and 3.4.6 to eliminate cr and making use of the 
equation of state 2.4.1 to eliminate e we have 

Y 
p bp 2 p 

...E.... [ -- _E_ - 1 ___£_ ] r [ _E_ 1 ]2 
pp y - 1 p - y - 1 = ep - 2g

0 
P - 3.4.7 

Furthermore, as the reactants are presumed subsonic, we may combine 
2.5.7 with the condition of compatibility 3.4.1 to obtain 

p u + r - (p - B)/a 
__E. = """""""-------- = '¥ ( p) 
P r 

3.4.8 

Then 3.4.8 may be used to permit the interpretation of 3.4.7 as a function 
of p alone, namely 

bp 2 
<I>(p) = ...E.... [ _Y_ IJI(p) - 1 - __.E.._ ] - e + _r_ [ 'f(p) - 1 ] 

2
= 0 

pp y - 1 y - 1 p 2g
0 3.4.9 

Equation 3.4.9 may be solved iteratively using Newton's method according 
to which the trial value p is replaced by the better approximation 
p- ~(p)/~'(p). We note the following derivatives which are required 
in the iterative process. 
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bp 
4l"l (p) = _l_ [ __::{_ ljl (p) - 1 - ____:__E._ ] - _E_ _y_ ljl I (p) 

p y - 1 y - 1 p y - 1 
p p 

3.4.10 

2 
+ r(p)r' (p) ['i'(p) _ 11 2 +£tEl ['i'(p) _ l)ljl' (p) 

go go 

= r-
2

(p) {r(p) [r'(p) - 1/a] - [u + r(p) . p (p - 8)/a] r'(p)} 

3.4.11 

Once p is determined the remaining boundary values follow from the 
chain of calculations:. 

u = (p - 8)/a 

r(p) r = 

rp 
p = -,---_,P __ 

u + r - u 
p 

(j = p 

e = p(l - bp) 
(y - l)p 

p 
(.:...£. - 1) 

p 

3.4.12 

3.4.13 

3.4.14 

3.4.15 

3.4.16 

As not~d in the preamble to this section, if up was a trial value, the 
quantity cr given by 3.4.15 must be compared with the value which is com­
patible with up according to 3.4.3. If they differ, up must be adjusted 
appropriately and the boundary values redetermined. . 

3.4.3.3 Ideal. Burning of Langweiler (Subsonic or Supersonic Reactants) 

In this case· the determination of the boundary values for the gas 
is almost trivial since u = 0 and the pressure p is equal to the constant 
initial value. Only the density at the boundary, and hence the internal 
energy, vary with time. When u = 0, 2.5.7 yields 

3.4.17 

Substituting this result into 3.4.7 and rearranging yields the ideal 
rate of burning as a function of the instantaneous velocity of the 
propellant. 

-! 
_:t_ ...E. 
y - 1 p 

r 
u h 3.4.18 

+~- p - _p__ e p y - 1 (y - l)p 2g p 0 
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Given r, p follows from 3.4.17 whereupon a and e are determined by 3.4.15 
and 3.4.16· respectively. 

3.4.3.4 Prespecified Value of Pressure on Unreacted Side or of 
Acceleration of Projectile (With Subsonic Reactants) 

As discussed in section 2.5.3 we assume that both of these conditions 
amount to the same thing, namely the specification of a. Substitution 
of 3.4.5 into 3.4.6 to eliminate r yields, after rearrangement 

...£._ ~ - .E....::__£ 
p y - 1 2p 

..£....=------L-----1:....-
3.4.19 

P bp 
P e -~ + ...£._ (1 + --....:...E._) 

p 2p p y - 1 
p p 

By combining 3.4.19 with 3.4.8 we may deduce 

r 
[u - ~][a + y + llp] 

P a Y - 3.4.20 

This may be viewed as an effective or ideal burn rate equation yielding 
r = r(p). Then the method of section 3.4.3.2 may be followed with 3.4.20 
in place of the measured burn rate law. 

3.4.3.5 Predetermined Mach Number of Reactants (Subsonic) 

We may state the condition in the form 

X - U 

p(l - bp) 

where M < 1 is the predetermined value of the Mach number. In view of 
2.5.7 this may be solved to yield 

2 
p yg pM 
~ = p [ b + __;0::...__ 

p p 2 2 
P r 

p 

3.4.22 

Moreover, combining 3.4.22 
rate law, r = r(p) 

with 3.4.8 we may deduce an effective burn 

3.4.23 
l 4(1- bp ) 2 !1/2 
(~- u ) 2 + yg pM 

a p p o 

r = ----------------------~------~----~-----------2(1 - bp ) 
p 

~-u 
a P 

+ 

Then the analysis of 1.4.3.2 ~pplies with r defined by 3.4.23. 
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3.4.3.6 Prespecified Value of Pressure on Unreacted Side or of 
Acceleration of Projectile (With Supersonic Reactants) 

In this case 3.4.22, which expresses the additional requirement that 
the Mach number M > 1 of the reactants be given, may be combined with 
3.4.5 to yield 

3.4.24 

as an effective burn rate law. However, in making use of the analysis 
of section 3.4.3.2 it is necessary to use not only 3.4.24 to define r(p) 
but also 3.4.22 to define li'(p). The expression 3.4.8 incorporates the 
assumption that u and p are compatible with the interior flow of the gas 
which is no longer true in this case. Moreover, following the determi­
nation of p, it is necessary to deduce p from 3.4.22 whereupon u follows 
from 3.4.14. 

3.5 Additional Considerations 

We conclude this chapter b.y noting snme additional considerations 
relating to the method .of solution. 

3.5.1 Choice of Time Step 

As is well known17, explicit finite diff~rence schemes demand, for 
their numerical stability, that the time step be suitably constrained. 
We constrain At according to the Courant-Friedrichs-Lewy (C-F-L) 
condition 

. · x AI:;, 
At < p 3 5 1 
u - max [ I u ..:. n I + c ] • • 

where f. I; is the nondimel).sional mesh spacing in the gas,· and by a ·similar 
relation expressed in terms of the properties of the propellant when it, 
too, is treated as a continuum. 

The maximum allowable value of At thus defined is further divided 
by a user-supplied safety factor, SAFE, which must be equal to at 
least one. 

3.5.2 Treatment at Burnout 

If the combustion zone is represented as a discontinuity of infini­
tesimal thickness, it follows that the boundary value of the velocity of 
the gas will undergo a sudden jump as burnout occurs. The flow which 
will have been represented as blowing away from the base of the projec­
tile will now be required to follow it. If the Mach number of the 

17 . h nd 
R~c tmyer, R. D .. a Morton, K. W. 
Value Pl'oblems" 2nd Ed. . 
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reactants, just prior to the instant of burnout, was comparable to unity, 
the sudden change in velocity will be accompanied by a sharp drop in 
pressure. A stropg rarefaction will be formed to communicate the change 
in the boundary condition to the column of gas. Indeed, the sudden drop 
in pressure may be sufficiently large as to strain the numerical method 
of solution. Therefore, we employ an analytical solution to describe 
the boundary values for a short period after burnout. The analysis also 
provides a simple exact solution which may be used to benchmark the ac­
curacy of the program, as we discuss in chapter 4.0. We therefore de­
duce the solution in some detail before commenting on its application to 
the determination of the boundary values in the computer program. 

Consider the motion of a piston propelled by a semi-infinite column 
of gas which is initially at rest and has uniform properties. At any 
subsequent time, the gas may be divided into two regions, one still qui­
escent and uniform, and the other undergoing expansion to follow the 
projectile. A flow of this type is called a simple wave 8 • If we assume 
the piston to be moving to the right, it follows that all characteristics 
of the family rg+ emanate from the uniform region so that their corres­
ponding condition of compatibility is impressed uniformly on the flow. 
We therefore have, throughout the expansion region 

u + /c~P • constant 3.5.2 

Using the covolume equation of state to perform the thermodynamic integral 
and denoting the properties of the quiescent region by a subscript 1 we 
have 

This.relation applies, 
u = X . Moreover, the 

p 

L = [ (1 - bp) c 
P1 (1 - bp1)c1 

3.5.3 

in particular, at the base of the piston where 
isentropic nature of the flow implies 

.11... 
]y-1 3.5.4 

Combining 3.5.3 and 3.5.4 yields the base pressure as a function of the 
velocity of the piston 

3.5.5 

From the equation of motion of the projectile it is a simple matter 
to deduce the following. 

2c ' I • 1 
X • -- 1 - [(1 

p y - 1 
(t - .x.:.ll to)] y+1 

3.5.6 
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. 
2c 1 

~c I 
X 2 

X X 
1 

(t - t ) + 1 [(1-
.L.::....1. p 0 y-1 + -.--1 2 Z') p Po y - 0 ~gop1 1 . 

X ~ 2 

1 I - [(1 -
.L.::....1. p 0 - y-1 + .:r....±.._l -\gop1 

(t - t )] 
y+1 

2 ~) 2c 1 M 0 
1 1 p 

3.5.7 
It should be noted that we have taken the initial instant to be t 0 and 
we h~ve denoted the initial-position and velocity of the piston by XPo 
and ~ respectively. Also, we have used 

0, 

3.5.8 

The relations 3.5.6 and 3.5.7 with Xp = 0 provide an exact solution 
which may be used to benchmark the accurac~ of the computer program. 
Since the code must be exercised with a finite column of gas, the com­
parison will only be valid until such a time as the reflection of the 
expansion front from the breech overtakes the piston or projectile. 

When the ideal combustion of Langweiler has been in effect up to 
the instant of burnout, the gas is quiescent as assumed above. Then 
3.5.5 may be used to determine the boundary value of pressure. We note 
that if, at the instant of burnout we have a near sonic condition 
Xp = c1

1 andy= 1.2, then p/p1 = 0.282 s? that the pressure drops in­
stantaneously to 23% of its value prior to burnout. This implies a 
sharp drop in the propulsive capacity of the gas which is exacerbated 
by the fact that prior to burnout, propulsion was due not just to P1 
but also to the contribution of thrust. 

When the combustion is due to other than the ideal model of Langweiler, 
the state of the gas adjacent to the projectile at burnout is, in general, 
neither uniform nor quiescent. We nevertheless use 3.5.5, where p1 and 
c1 are predicated on,the c~nditions at the boundary just prior to burn-
out, and we replace XP by XP - u1 where u1 is the velocity of the gas just 
prior to burnout. 

In all cases, equation 3.5.5 is used to determine the boundary value 
of pressure for five integration steps following burnout. Thereafter, 
the previously· described numerical algorithm is used. 

3.5.3 Change of Representation of Solid Propellant 

As the solid propellant is consumed, it will reach a point at which 
it is ·too short to be treated as a continuum in accordance with the con­
straint (~- xp)6s ~ DXMIN on the mesh-spacing ~s· At th~s point, if a 
continuum representation had been elected, an internal switch is reset 
and the calculation concludes with the propellant treated as rigid. A 
value of the density is computed from a knowledge of the remaining mass 
of propellant and its length. Friction between the propellant and the 
wall is not treated in cases in which the propellant is initially taken 

47 



to be rigid. When a transformation from a continuum to a rigid repre­
sentation is made, near burnout, the.resistance per unit bearing area 
due to friction is frozen at the value it had at the time of transition. 

3.5.4 Treatment of Friction Between Propellant and Tube Wall 

The friction term, when taken to be proportional to pressure in 
accordance with equation 2.4.9, with values of ~w ~ 0.1, becomes very 
large and tends to create numerical wiggles in the solution. A number 
of different schemes were attempted in order to resolve this problem. 
Indeed, the use of centered differencing rather than the alternating 
scheme of MacCormack, in the. integration of the momentum equation of 
the propellant, ~as predicated on the desire to express as accurately 
as possible the competition between acr I ax and fw at both predictor and 
corrector levels. Possibly, calculations with values of ~w as large as 
0.1 will not be of interest since the ballistic loss will be seen to be 
significant, at least in the sample cases described in chapter 4.0. 

Nevertheless, to stabilize properly such solutions we have smoothed 
the term fw. In the numerical evaluation of equation 2.4.9 the pres­
sure is expressed as (Pj-l + Pj+2 + 2p.)/4 at internal mesh points and as 
an average of the boundary value with tts neighbor at boundary points. 
Also, the expression for fw is made implicit in the pressure at the boun­
daries when using the characteristic forms. That is to say the term fw 
is multiplied by p1tp2 in the nomenclature of section 3.4 prior to making 
use of the characteristic form 3.4.3. 

3.5.5 Branching of Conditions at the Gas/Propellant Interface 

As we have noted previously, the program is structured so as to 
allow the combustion model to vary in nature as the ballistic cycle 
unfolds. Our purpose in this concluding section is to state the rules 
according to which the internal branching has been structured. The 
following are the combinations of constraints which may be involved 
during a given cycle. 
(a) Measured Burn Rate/Mach Number Limit 

If measured burn data are supplied, a search is made for boundary 
values based on these data. The values so found are then tested to 
ensure that the Mach number of the reactants does not exceed the limit 
M, provided M > 0. If M is exceeded or, if the search for boundary 
values based on the measured burn rate was unsuccessful, branching oc­
curs to determine values which yield the specified value of M. 

This combination is limited to subsonic combustion, that is, M < 1. 
If the measured data yield a Mach number greater than unity and the user 
has specified M = 0 or M ~ 1, the calculation terminates with an error 
message and the program proceeds to the next case. 

(b) Langweiler Combustion/Mach Number Limit 

The Langweiler ideal combustion model will yield boundary values 
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which are only limited thermodynamically by the covolume limit p = 1/b 
at which point the reactants are at zero temperature. If a value 
0 < M < 1 has been furnished by the user, the boundary values according 
to the Langweiler model are tested to ensure .that the Mach number of the 
reactants does not exceed M. If it does, branching will oc~ur to yield 
the indicated Mach number. It should be noted that while the Langweiler 
model will .admit supersonic combustion, the branch to the Mach number 
limit will be admitted only if M < 1. 

(c) Prespecified Propellant Pressure or Acceleration/Mach Number Limit 

It is simple to branch between a constraint on the pressure on the 
unreacted side of the interface and a constraint on the acceleration, as 
both of these constraints can be expressed in terms of the pressure on 
the unreacted side of the interface. A search for suitable boundary 
values is undertaken. When they,are found, the Mach number is compared 
with the input limit M, provided M > 0. If M < 1 and the limit has 
been exceeded, branching to the Mach number limitation will occur. If 
the computed Mach number and the input limit M are both greater than or 
equal to one, branching occurs to the supersonic combustion process to 
satisfy both M and the required value of pressure simultaneously. The 
flow is no longer required to be compatible with the state of the gas. 

If the original search for subsonic boundary values to yield the 
designated pressure on the unreacted side was unsuccessful, and}~ > 0, 
branching will occur to the Mach number limited processes, using M 
alone if M < 1 and using both the designated pressure and M if M ~ 1. 

There is one further branch to be considered in this case. If 
the value of the indicated pressure on the unreacted side is less than 
or equal to the current pressure of the gas, the reaction is assumed to 
terminate since the regression rate would otherwise be required to be 
negative. 
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4. 0 SOME Nm1ERICAL RESULTS 

The model wnich we have described in chapter 2.0 admits a large 
variety of possible cases. A systematic exploitation of the model capa­
city is beyond the scope of the present study. The solutions which we 
discuss in the present chapter are intended principally to demonstrate 
the operability of the computer program and to provide an assessment 
of the magnitude of the errors associated with the method of solution. 
However, we also comment briefly on the potential magnitude of some of 
the losses associated with the end-burning traveling charge. First, 
in section 4.1, we consider a case for which an exact solution is avail­
able in order to provide an absolute benchmark of accuracy. Second, in 
section 4.2, we discuss a nominal traveling charge configuration, paying 
attention to properties of mesh indifference and global conservation of 
mass and energy. Finally, in section 4.3, we comment on the losses due 
to friction, heat transfer to the tube, and the pressure of shocked air 
in front of the projectile. 

4.1 Comparison with an Exact Solution 

In section 3.5 we presented an exact solution for the motion of a 
piston propelled by a semi-infinite column of initially quiescent, uni­
form gas. I~ile the present model can only be used in the context of a 
finite tube, its predictions may be compared with the exact solution for 
that period of time prior to the interaction of the expansion wave with 
the finite boundary. Such a comparison is made in Table 4.1. The solu­
tions were based on values D = 4.0 em, y = 1.239, M = 25.0 gm-mol/gm, 
b = 1.06 cm3/gm, Mp = 160 gm, an initial pressure of 551.6 MPa and an 
initial temperature of 3271°K. The numerical solutions were deduced 
for a tube of length 254 ems. Inasmuch as the speed of sound in the 
quiescent gas is 1.78 km/sec, it follows that equations 3.5.5 and 3.5.6 
may be used to describe the pressure at the base of the piston and the 
piston velocity for a period of at least 1.4 msec, after which time the 
wave reflection from the finite boundary begins to invalidate the exact 
solution. 

Table 4.1 ComEarison of Numerical Solutions with an Exact Solution 

Time Base Pressure Piston Velocity 
(msec) (HPa) (km/ sec) 

Exact 21 pts 100 pts Exact 21 pts 100 pts 

0.2 281.8 284.9 281.9 0.610 0.612 0.610 
0.4 186.1 186.0 186.1 0.967 0.970 0.967 
0.6 137.7 137.8 137.7 1.217 1.221 1.217 
0.8 108.7 108.9 108.7 1.409 1.412 1.409 
1.0 89.5 89.5 89.5 1.564 1.567 1.564 

The table provides a comparison between the exact solution and 
numerical solutions generated with 21 and with 100 mesh points. The agree­
ment is seen to be very good. Even with 21 mesh points, the base pressure 
is predicted to within approximately 1% of the exact value at 0.2 msec and 
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to within less than 0.1% at later times. With 100 points the error is 
less than 0.03% at 0.2 msec. As expected, the results pertaining to the 
piston velocity a~e similar. The results are indicative not only of 
good absolute accuracy but also of mesh indifference. It is worth noting 
that the expansion is really very strong. Evidently, due to the large 
initial pressure and the relatively low piston mass, the pressure drops 
to roughly 50% of its initial value by 0.2 msec. 

4.2 A Nominal Traveling Charge Configuration 

To illustrate further the operability of the computer program we 
now present a solution for a nominal end-burning traveling charge con­
figuration. The problem of interest corresponds to a 40 rnrn tube with 
100 calibers of projectile travel. An ideal burning law is assumed in 
which the pressure on the unreacted side of the gas/propellant inter­
face is required to be 700 MPa provided that the Mach number of the 
reactants does not exceed 0.999. In accordance with the logic for bran­
ching which we have discussed in the previous chapter, a solution yiel~ 
ding the requisite pressure will be sought at each stage of the calcu­
la tiori. If the Hach number limitation is exceeded, branching will 
occur to yield values sa~isfying the limiting value of the :Hach number. 
As the input value is less than unity, the reactants will be required 
to satisfy a condition of mechanical compatibility with the column of 
gas. 

We first solve th~s problem treating the propellant as rigid. 
Three solutions are generated using a maximum of 21, 41, and 81 mesh 
points and minimum spacings of 0.508, 0.254 and 0.127 ems respectively. 
Some aspects of these three solutions are compared in order to pemit 
an assessment of the mesh indifference.of the predictions. We also 
consider the degree to which mass and energy are conserved globally 
in these three calculations as a further indication of the magnitude 
of the numerical errors of integration. Subsequently, we present 
some details of a fourth-calculation of the same problem based on 
a continuum representation of the propellant. In this last case we 
illustrate the sblu.tion by means of plots of the pressure and velocity 
distributions at various times. 

The data base for the nominal problem is contained in Table 4.2. 
The values for the wave speed in the propellant only pertain, of course, 
to the case in which continuum behavior is considered. 

Table 4.2 Data Base for Nominal Traveling Charge Problem 

Tube Diameter 
Maximum Projectile Travel 
Projectile Mass 
Propellant Chemical Energy 
Covolume 
Molecular Weight 
Density 
Ratio of Specific Heats 
Compressive Wave Speed 
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4.0 em 
4.0 m 
160 gm 

4450 J/gm 
1.05 cm3/gm 

23.253 gmol/gm 
1. 66 gm/ cc 

1.2414 (-) 
1.07 km/sec 



Unloading Wave Speed * 0 m/sec 

Initial position of rear propellant 2.54 em 
face relative to breech 

Initial Pressure 700 MPa 
Maximum allowable pressure on 700 MPa 

un'reacted side of gas/propellant 
interface 

Maximum allowable reactant Mach number 0.999 

Charge-to-projectile mass ratio 3.54 
Loading density 1.2 gm/cc 

* Code action is to treat solid propellant constitutive law as reversible 
in case of continuum representation. 

In Table 4.3 we compare the values of projectile velocity and hreech 
and base pressure in the gas for the three calculations based on a repre­
sentation of the propellant as rigid. The base pressure corresponds to 
the state of the reactants at the gas/propellant interface. 

Table 4.3 DeEendence of Nominal Solution on Mesh 

Time Projectile Velocity Breech Pressure Base Pressure 
(msec) (km/sec) (MPa) 

21 pts 41 pts 81 pts 21 pts 41 pts 81 pts 21 pts 41 pts 81 pts 

0.2 0.249 0.249 0.249 664.4 664.4 664.4 663.5 663.5 663.5 
0.4 0.511 0.511 0.511 583.1 583.1 583.1 579.1 579.1 579.1 
0.6 0.804 0.804 0.804 492.6 492.6 492.6 481.1 481.2 481.2 
0.8 1.144 . 1.144 1.144 410.0 410.0 410.0 384.9 384.9 385.0 
1.0 1.559 1.559 1.559 340.1 340.1 340.1 291.6 291.6 291.6 
1.6 2.456 2.458 2.460 199.5 199.8 199.8 84.8 85.1 85.3 
2.0 * 2.821 2.825 2.828 140.7 142.1 142.9 52.4 52.6 52.7 
2.34 3.068 3.073 3.076 103.8 102.9 102.1 38.0 38.1 38.2 

* Huzzle Exit 

The quantities of ballistic interest are the maximum pressures and 
the muzzle velocity. These do not exhibit a mesh dependence beyond 0.2% 
as we pass from 21 to 41 points or beyond 0.1% as we pass from 41 to 81 
points. The greatest numerical error seems to be associated with the 
breech pressure at muzzle exit which exhibits a mesh dependence of ap­
proximately 0.7%. As the value of the breech pressure at muzzle exit is 
not normally of ballistic interest, it appears from Table 4.3 that 41 
mesh points are sufficient in simulations of this type. 
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Next, in Table 4.4, we present the histories of the defects in 
total mass and energy at the same set of times, for the three calculations. 
Since there are no· losses in the physical problem, both mass and energy 
should be conserved on a global basis. As the present numerical scheme 
does not automatically assure such a global conservation, the mass and 
energy defects provide an indicatio~ of the magnitude of the errors of 
numerical integration. The total mass is computed using a trapezoidal 
rule. The result is subtracted from the initial value and the defect 
is then expressed as a percentage of the original value. The energy 
defect is computed similarly. 

Table 4.4 Global Mass and Fneq~y Defects in Nominal Problem 

Time ~1ass Defect (%) Energy Defect (%) 
(msec) 21 pts 41 pts 81 pts 21 pts 41 pts 81 pts 

0.2 -0.01 0.00 0.00 0.00 o.oo· o~oo 

0.4 0.00 0.00 o.oo 0.00 0.00 0.00 
0.6 0.00 0.00 0.00 0.00 0.00 .0~00 

0.8 0.02 0.00 0.00 0.00 0.00 0.00 
1.0 0.07 0.01 0.00 0.00 o.oo 0.00 
1.6 0.26 0.06 0.01 -0.01 0.00 0.00 
2.0 * 0.38 0.10 0.02 0.02 0.01 0.00 
2.34 0.45 O.ll 0.02 0.04 0.02 0.01 

* Muzzle Fxit 

The results of Table 4.4 essentially confirm those of Table 4.3. 
If the maximum defect is taken as an indicator of the probable error of 
any given ballistic prediction, it follows from Table 4.4 that errors of 
the order of 0.5% are to be expected if one uses a maximum 21 mesh 
points and of the order of 0.1% if one uses 41 points. 

We turn now to a discussion of a solution for the nominal problem 
based on a continuum representation of the propellant. The solution is 
illustrated by the distributions of pressure and velocity shown in 
figures 4.1 through 4.8. 

It should be noted that the solid propellant is assumed to have a 
nonlinear, but reversible, ·equation of state. A maximum of 31 mesh points 
is allowed with a minimum spacing of 0.508 ems. The maximum time step 
as computed from the Courant-Friedrichs-Lewy condition is divided by 
two so that the maximum Courant number is, by definition, 0.5. 

The initial distributions of pressure and velocity are shown in 
figure 4.1. As the initial pressure is equal to the maximum value re­
quired on the unreacted side of the interface, the burn rate is initially 
zero according to the ideal law. Both the gas and the solid propellant 
are at rest and pressurized uniformly to the initial value. Friction 
between the propellant and the·tube wail is not considered. We will 
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comment on the influence of the loss terms in the next section of this 
chapter. 

Because of the high pressure exerted on the projectile base, the 
projectile begins to accelerate and, analogously with the example of 
section 4.1, an expansion wave is propagated through the solid propellant. 
Figure 4.2 shows the conditions at 0.2 msec. The drop in pressure across 
the propellant is seen to be considerable. At this time, burning of the 
propellant has begun but is still rather weak since the gas pressure is 
still high. By 0.4 msec, as shown in figure 4.3, significant displacement 
of the projectile and traveling charge has occurred and the gas/pro­
pellant interface manifests itself quite clearly as a discontinuity in 
the distributions of both pressure and velocity. 

Although the ideal combustion model is not that corresponding to 
the Langweiler process, it may be seen that the kinetic ene.rgy of the 
gas, as inferred from the velocity distribution, is still quite small 
at this stage. The same is true at 0.6 msec, figure 4.4, and even at 
1.0 msec, figure 4.5, in which the propellant is seen to be approximately 
50% burnt. The wave dynamics in the solid propellant should also be 
noted. In both figures 4.4 and 4.5, the pressure gradient in the solid 
propellant is seen to have reversed as a consequence of transient pheno­
mena. Of equal interest, although not shown in the figures, is the fact 
that tensile stresses are predicted to occur at the interface between 
the propellant and the projectile base. However, undue significance 
should not be attached to this observation since the wave dynamics are 
associated to a large degree with the assumed highly pressurized ini­
tial condition. 

The three concluding figures 4.6, 4.7 and 4.8 show the evolution of 
the solution until muzzle exit occurs. The propellant does not quite 
burn out in this example. It should be noted, in these last three 
figures, that branching to a Mach number limited burning process has 
occurred. The pressure at the base of the propellant is no longer 700 
MPa but is, instead, roughly twice that in the gas. As the burn rate 
becomes limited by the Mach number constraint, the velocity profile 
of the gas develops and the gas does begin to store increasing amounts 
of kinetic energy. Nevertheless, it is easy to see, from figure 4.8, 
that the kinetic energy of the propellant is approximately 25% of what 
would be expected in a conventional charge. In the latter, the velocity 
of the gas at the projectile base would be equal to that of the projec­
tile whereas in the present calculation it is seen to be approximately 
one-half of the projectile velocity. 

In the latter figures there are still signs of the transient phe­
nomena we noted previously irt connection with the solid propellant. They 
are manifested here in the pressure distribution of the gas which has no 
mechanism for damping. Thus the variations in the ideal burn rate due 
to the interaction of traveling waves in the solid propellant with the 
gas/propellant interface have been preserved in the pressure field of 
the gas. 
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4.3 Influence of Losses 

To conclude, we summarize the results of calculations performed 
during the testing of the code, with a view to forming an assessment of 
the magnitudes of the losses to be expected in the traveling charge. 
These results are summarized in Table 4.5. 

Table 4.5 Influence of Losses on Muzzle Velocity 

Case 

1 

2 

3 

4 

5 

6 

7 

8 

Comments 

' Nominal with rigid propellant 

Propellant treated as a continuum 

Propellant treated as a continuum 
with wall friction due to constant 
coefficient of friction equal to 0.1 

Propellant treated as a continuum 
with wall friction coefficient given 
as following table of values 

Velocity ~ 

(km/sec) (-) 
o. 0.06 
0.152 0.02 
0.304 0.01 

Propellant treated as a continuum 
with wall friction due to gas film 
bearing with ~f = 1.79 x l0- 3gm/cm-sec 
and of = 0.254 mm 

Rigid propellant and heat losses 

Rigid propellant and resistance 
due to shocked air 

Rigid propellant and constant 
resistance, due to ,obturator, of 
3.45 HPa 

Rigid propellant and resistance 
due to setback load on obturator 
of length 2.54 ems with forward 
mass of projectile equal to 160 ·gm 
and coefficient of friction given 
according to the following table 
of values 

Velocity ~ 

(km/sec) (-) 
o. 0.6 
0.152 0.2 
0.304 0.1 
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Muzzle Velocity 
(km/sec) 

3.068 

2.941 

2.194 

2.981 

2.937 

2.997 

3.025 

3.059 

2.986 



From this table it is evident that the only losses of significance 
are likely to be associated with friction between the propellant and the 
tube. A comparison of cases 2 and 3 shows that a friction coefficient 
of 0.1 simply cannot be tolerated. On the other hand, a mild coefficient 
of friction, such as that considered in case 4, may actually increase the 
muzzle velocity~ This is a consequence of the failure of case 2 to yield 
burnout of the propellant whereas the friction in case 4 delays the pro­
jectile exit sufficiently for complete burnout,to occur. The influence 
of the resistance in this case is therefore similar to that of a shot 
start pressure which, as is well known, often acts to increase the muzzle 
velocity in conventional ammunition. 

60 



--

5.0 CONCLUSIONS 

The following conclusions are drawn in respect to the present study. 
(1) A model of the end-burning traveling charge has been formulated, 
encoded, and demonstrated. The model is suitable for assessing the hydro­
dynamic and ideal combustion limits on the ballistic performance of 
traveling charge guns. 
(2) Good agreement has been shown with an exact solution for a simpli­
fied case. Studies of mesh indifference and global conservation of mass 
and energy indicate that the numerical error associated with ballistic 
predictions of a nominal traveling charge configuration based on 41 mesh 
points is of the order of 0.1%-1.0%. 
(3) A review of the arguments which deny the admissibility of a strong 
steady deflagration wave has revealed that this combustion limit is a 
manifestation of the well known steady flow process of choking by heat 
addition. It does not appear likely that this limit can be circum­
vented without sacrificing ballistic performance by the incorporation 
of condensed additives to control the effective flow area of the gas 
phase within the flame. 
(4) Preliminary calculations have shown the importance of proper lubri­
cation of the interface between the traveling charge and the tube. A 
coefficient of friction equal to 0.1 resulted in a loss of 30% of the 
muzzle velocity predicted without friction. 
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Additive constant in measured burn rate law 

Pre-exponential factor in measured burn rate law 

Covolume of gas 
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Internal energy of gas 
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Length of bearing section of obturator 
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Burn rate exponent 
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Pressure in shocked air ahead of projectile 

Resistive pressure due to obturator 

Shot start pressure 

PST Initial pressure of gas 

p
0 

Initial pressure of air ahead of projectile 

65 



r 

T 

T 
w 

t 

u 

u 
p 

w 
X 

X 
p 

X 
p 

a. 

a. 
p 

s 
8p 
r o r ± 

g ' g 

r 0 r ± 
p ' p 

y 

n 

e 
e 
K 

p 

Coefficient in correlation for heat loss to tube 

Heat loss to tube 

Reynolds number based on D 

Gas constant 

Regression rate of propellant 

Gas temperature 

Wall temperature 

Time 

Gas velocity 

Propellant velocity 

Charge to Projectile Mass Ratio 

Axial coordinate 

Position of projectile base relative to breech 
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Additive term in acoustic characteristic form for propellant 

Gas-material, gas-acoustic characteristic lines 

Propellant-material, propellant-acoustic characteristic lines 

Ratio of specific heats of gas 

Ratio of specific heats of air 

Time step 

Spacewise mesh increment in computational plane 

Thickness of gas film used to lubricate propellant 

Nondimensional axial coordinate in computational plane 

Velocity of convective mesh 

Coefficient in material characteristic form for gas 

Coefficient in material characteristic form for propellant 

Thermal c.onductivity of gas 

Viscosity of gas 

66 



\.If Viscosity of lubricating film 

\.lw Coeffici~nt of friction between propellant and tube wall 

\.lwb Coefficient of friction between obturator and tube wall 

\1 Poisson ratio of projectile 

p Density of gas 

pp Density of propellant 

p Value of p at zero pressure 
Po 

Pressure in propellant a 

a* Value of a on nominal loading curve 

A dot over a quantity indicates a total derivative with respect to time. 
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Appendix A: On the Deflagration Wave with Supersonic Reactants 

The purpose of this appendix is to note briefly the arguments which 
have been advanced to deny the possibility of a steady deflagration with 
supersonic reactants as perceived by an observer moving with the flame. 
These arguments are based on the details of the structure of the flame 
and have been established in the context of a single phase gas flow. 
Subseq~ently, we comment on the implications of a heterogeneous two­
phase structure in regard to the possibility of supersonic flow. 
Finally, we note the implications of our findings as regards the tra­
veling charge. 

The theory of detonations and deflagrations, as it affects our 
present discussion, is treated fully in the monograph of Courant and 
FriedrichsB. From their development we shall abstract only those re-
sults wl_lich bear directly on the present discussion. In particular, 
we will note their treatment of the allowable states which may be 
reached in a steady exothermic flow without the restrictions imposed by 
considerations of the structure of the reaction zone. This discussion 
will provide the essential nomenclature and conceptual framework within 
which the basis for denial of the possibility of a deflagration with ·super­
sonic reactants can be understood. Following the presentation of this 
denial we will note the comments of other authors in relation to the 
single phase deflagration. 

The basic constraints on the allowable steady state processes with 
properties observed at two stations, which we designate by subscripts 
0 and 1 respectively, are the laws of conservation of mass, momentum · 
and energy. We have already noted these in the present report. In 
order to keep the discussion of this appendix self-contained we restate 
them here and we introduce somewhat different nomenclature. The symbols 
used in this appendix will be defined as they are introduced. 

Using p and p to denote pressure and density and letting v be the 
gas velocity iri a frame of reference moving with the reaction zone we 
have 

Povo = p1v1 = m 
2 

Po + Povo 

E(o) <•o·Po) + Po'o 

(A.l) 

(A.-2) 

and where we have also introduced T = 1/p and E is the internai1 energy, 
assumed to be given as a function of T and p. The superscripts \on the 
values of internal energy in (A.3) indicate that due to changes ~f com­
position, the functional form may vary from station 0 to station 1. The 
nomenclature used here is identical with that of Courant and Fried~ichs. 
We will adopt the convention that the gas flows from station 0 to \ 
station 1. \ 
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It should be noted that nothing has been said concerning the proxi­
mity of stations 0 and 1 or of the structure of the flow between them. 
It is assumed only that the flow is steady and that viscous stresses and 
heat conduction may be neglected at the two stations. In many cases of 
practical interest the flow may fail to be truly steady. Yet the present 
results may be regarded as approximately correct provided that the rates 
of change of mass, momentum and energy in the region bounded by stations 
0 and 1 may be neglected by comparison with the fluxes of these quantities. 
Such conditions will be favored when the reaction zone is. thin and the · · 
environment changes slowly. 

From the conservation laws (A.l), (A.2) and (A.3) we may deduce two 
important relationships. First, from (A.l) and (A.2) we may deduce that 

2 
= -m (A. 4) 

Thus it is apparent that only those processes are possible in which the 
sign of the change in pressure is opposed to that of the specific volume. 
Observe, moreover, that when the reaction zone has finite thickness, but 
is steady, and viscous stresses may be neglected, then (A.4) applies 
throughout the reaction zone and shows that the pressure and specific 
volume are linearly related throughout the process. 

Next, introduce the Hugoniot fUnction for the burnt gas 

H(l) (T,p) -= E(l) (T,p) - E\,
0

,p
0
)+ ~ (T - T

0
) {p + P

0
) 

Then (~.3) may be written as 

H(i)(T,p) = E(O)(T
0

,p
0

) - E(i)(T
0

,p
0

) (A. 5) 

If the reaction is assumed to be exothermic as the gas flows from station 
0 to station 1, it follows that the right hand side of (A~S) is positive. 

Now suppose that the initial state T0,p0 is given and regard (A.S) 
as a locus of possible final states. The graph of (A.S) appears as 
shown in figure A.l, subjett to certain thermodynamic assumptionsB. 
Because of (A.4) the accessible portion of (A.S) is confined to two 
separate branches, the upper corresponding to increases in pressure and 
the lower corresponding to decreases in press.ure. These are referred to 
as the detonation and deflagration branches respectively. Equation (A.4) 
provides some immediate insight into an important difference between the 
two branches. It is apparent that the limiting constant pressure process 
--a deflagration--travels with an infinitesimal velocity. On the other 
hand, the limiting constant volume process--a detonation--travels with 
an infinite velocity. For the present discussion, only the deflagration 
branch is of interest. · 
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The deflagration branch may itself be divided into two branches, 
identified in figure A.l as weak and strong deflagrations, according to 
the magnitude of.the pressure drop, and separated by a point identified 
as the Chapman-Jouguet deflagration. If one considers an arbitrary 
straight line emanating from (T 0 ,p0) and intersecting with the defla- 8 
gration branch it follows, subject to certain thermodynamic assumptions 
that the line has at most two points of intersection--one on the weak 
deflagration branch and the other on the strong deflagration branch. 
At the Chapman- Jouguet point, the straight line is tangent to the de­
flagration branch. 

It may be shown that in the case of a weak deflagration, the reac­
tants are subsonic relative to the reaction front and that in the case 
of a strong deflagration, they are supersonic. Naturally, the Chapman­
Jouguet point is distinguished by the fact that the reactants are sonic 
with respect to the reaction front. In each case the speed of sound is 
understood to be that of the reacted gas. It is also shown by Courant 
and Friedrichs that in the case of an ideal gas, at least, a deflagration 
wave is always subsonic relative to the unreacted gas. 

The foregoing discussion has distinguished between deflagrations 
with subsonic and supersonic reactants but has not identified any reasons 
to deny the admissibility of either. Indeed both the weak and strong 
deflagrations are clearly admitted by the principle of conservation of 
mass, momentum and energy. In order to show the impossibility of a steady 
strong deflagration wave it is necessary to consider the finite rate of 
reaction. Then the following geometrical argument may be employed. 

Consider figure A.2. \-/e show, schematically, the Hugoniot for the 
unreacted gas, the fully reacted gas, andthe gas in several stages of 
partial reaction. That is to say, the preceding analysis is assumed 
to apply at all stages of the reaction. Now there are just two types of 
steady process which may occur between 0 and 1. The state may change 
continuously due to the finite rate of heat release by the reaction in 
which case we are required to traverse the straight line (A.4). Or, 
a compressive shock may occur, in which case we may traverse the Hugoniot 
corresponding to the state of reactedness at which the shock was en­
countered, the direction of the process being such as to lead to an in­
crease in pressure. 

It is evident, from the assumed shape of the Hugoniot curves illus­
trated in figure A.2, that a continuous process of heat release from 0 
to 1 must inevitably intercept the weak deflagration branch when the 
reaction is complete. Accordingly, a transition to the second inter­
section point in the strong deflagration branch would require an expan­
sion shock, which is inherently unstable. On the other hand, any admis­
sible shock transition at a state of partial reactedness, can only lead 
to h~gher pressure from which only an intersection with the weak defla­
gration branch is possible, unless a detonation is admitted. 
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This geometrical argument was also formalized by Courant and 
Friedrichs to provide an analytical demonstration that a simple flame 
model would reach a state of complete reactedness on the weak defla­
gration branch. The earlier work of Friedrichs? and the book by Williams9 

may also be consulted for demonstrations based on the structure of the 
s_olutions of particular models of the reaction zone. Landau and 
LifschitzlO have considered the problem from the point of view of the 
stability. of the process. Considering the characteristic data on each 
side and assuming that just one internal condition is specified by the 
flame structure leads to the conclusion that a perturbation about a 
strong deflagration is underdetermined. Accordingly, exponentially 
growing solutions are admitted and the flame is unstable. The dis­
cussion of the inadmissibility of the strong deflagration wave given by 
Vinti5 is essentially the same as the geometrical argument given here. 

An alternative way of understanding the limitation of the reaction 
process to weak or at most sonic deflagrations follows from a conside­
ration of the laws of choking in quasi-one-dimensional compressible flow. 
Moreover, this alternative point of view enables one to consider directly 
the consequences of a multiphase structure of the flame. 

Consider a generalized quasi-one-dimensional steady flow in the 
manner described by ShapirolB. From the balance equations for a control 
volume as shown in figure A.3 one may deduce the following functional 
dependence of the Mach number M on the processes associated with the 
flow, namely cross sectional area, heat and mass addition and drag. 

dM
2 2[1 + ~ M2] 

1 -t yM2 dQ - dW + dH 
2 dA + X 

-- =-
M2 1 - M2 A 

1 - M
2 c T p 

+ 
yM

2
[1 + y M

2
] 

4f dx + dX _ 2 dw I (A.6) 
1 - M

2 D 1 2 y w 
2fPAM 

The nomenclature of this equation is taken directly from Shapiro 
and has the following significance. 

M is the Mach number based on the ideal gas equation of state 
for which the speed of sound c is given by c2 = yRT/W 

A is the net flow area for the gas. That is, the area of the duct 
less the area of the entrained liquid or droplets or particles. 

18Shapiro 3 A. "The Dynamics and Thermodynamics of Compressib~e F~uid Flow" 
Rona~d Pr~ss3 NeuJ York 1953 
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Figure A.3 

dx 

.1-~ 
--r 

A+ dA 

p + dp 

T + dT 

---1-•• w + dw + dwL ·g 

I 
I 

-- J ---

p + dp 

v + dv 

M + dlf 

Control volume for analysis of steady 
heterogeneous reacting flow (Shapiro, ref. 18) 
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y is the ratio of specific heats 

dQ is the-net heat added to the gas stream by conduction or 
radiation from external sources, per unit mass of gas 
entering the control surface. 

dW is the net external work to outside bodies per unit mass 
X 

entering the control surface. 2 2 
2 dw v - v 

dH .. dh - [cpg (T - T ) + v /2] _& - [hL - hv + L J 
pr og w 2 

dh is the heat release per unit mass of gas stream due to 
pr decomposition, positive for an exothermic reaction. 

f is the wall friction factor. 

D is the hydraulic radius. 

dw
1 

{JJ 

dX is the sum of the drag of stationary bodies, the 
droplets, particles and filaments traveling more 
the gas stream, and the body or gravity forces. 

drag of 
slowly than 

dw dwL d 
= [y ___& + y -]/(~) 

g w L w w 
y 

dw = dw1 + dwg See Figure A.3 

w 

R 

h v 

T og 

c pg 

is the molecular weight. 

is the gas constant. 

is the enthalpy of liquid about to evaporate as it enters 
the control volume. 

is 'the enthalpy of evaporated liquid dw1 at temperature T. 

is the stagnation temperature of the injected gas stream. 

is the average value of c between T and T. p og 

The remaining symbols may be identified from figure A.3 and the convention 
that v~ and vl are the streamwise components of the velocities of the 
injected gas and liquid. 

From a consideration of equation (A.6), which is seen to embed ex­
tremely complex behavior~ the following conclusions may be drawn18 

(1) An increase in area acts to decrease the value of M if M < 1 
and to. increase M if M > 1. 
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(2) Heat addition or combustion acts to increase M if M < 1 and to 
decrease M if M > 1. 

(3) The effect of friction, or drag of internal bodies, acts to increase 
M if M < 1 and to decrease M if M > 1. 

(4) Mass addition withy < 1 acts to increase M if H < 1 and to 
decrease M if M > 1. 

(5) An increase in W acts to decrease M if }[ < 1 and to increase M 
ifM> 1. 

(6) An increase in y always acts to reduce M. 

These results permit us to understand the denial of the admissibility 
of the strong deflagration wave from an alternative point of view. The 
previous discussion, based on the assumed shape of the H~goniot of the 
reactants, corresponds to a. process in which only heat addition due to 
combustion was of interest. Evidently, if we consider an arbitrary initial 
state, presumed subsonic, the Mach number increases steadily as we pass 
towards the fully reacted state. If, however, the Mach number increases 
to unity, there is no longer a solution to the steady flow problem unless 
the initial state may be altered. Thus the inadmissibility of the strong 
deflagration wave is perceived to be a manifestation of the well-known 
phenomenon of choking. 

In the heterogeneous flame we must also consider mass addition and 
drag. These, too, always drive the Mach number towards unity just as 
the heat addition does. Only one possibility appears to exist in the 
heterogeneous flame whereby the sonic point can be passed in a continuous 
manner. The cross-sectional area of the flow will increase due to con­
sumption of the dispersed condensed phase and also, possibly, due to 
separation of the droplets or particles as a consequence of the drag. 
If, as the sonic point is encountered, the effect of change of area is 
such as to dominate the opposing effects of heat addition, mass addition 
and drag, then a continuous transition to supersonic flow would be pos­
sible. A trivial example of such a case is, of course, the converging­
diverging rocket nozzle in which the cross-sectional area of the duct 
is used to effect the transition from subsonic to supersonic flow. 

The possibility of obtaining such continuous transitions by means 
of the area change associated with condensed phase fuel consumption 
and dispersal may be determined only by parametric studies of equation 
(A.6). ·Such studies are beyond the scope of the present enquiry. However, 
we may speculate that the conditions under which the transition could be 
made would correspond to fuels of rather low ballistic efficiency in 
which inert components would play the role of a conventional rocket 
nozzle. 

We conclude with some comments on the implications of these results 
as reg_ards the end-burning traveling charge. First, we concur with 
Vinti's conclusion that the Langweiler process would be inherently in­
capable of realization once the projectile velocity exceeded the speed 
of sound in the reacted gas. Only by making the reaction zone suffi­
ciently thick that unsteady effects become important can we expect to 
develop supersonic reactants. Of course, as the reaction zone becomes 
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thicker, we approach the configuration of a conventional propelling charge 
in which, as discussed in the introduction to this report, the reaction 
zone effectively.fills the tube. However, the rejection of the Langweiler 
scheme does not necessarily defeat the concept of the traveling charge 
as a potentially useful ballistic solution. Because the thrust associated. 
with the Langweiler scheme increases continually as the projectile ac­
celerates,. the gun is required to operate at a condition wich is far re­
moved from the ideal constant pressure cycle. Moreover, the pressure 
on the unreacted side of the gas/propellant interface is found to rise 
very sharply as the Mach number increases beyond unity. 

Hence, the present findings are more appropriately considered in the 
context of an ideal constant base pressure scheme for the burning rate. 
In this context, the denial of the possibility of a strong deflagration 
wave is not necessarily restrictive. It is merely necessary that the 
Chapman-Jouguet point be reached so that the combustion zone is just un­
coupled from the pressure of the column of reactants. In such a case 
the propellant will burn under a choked condition. However, it seems 
probable that the pressure of the unreacted propellant would be influ­
enced not only by the chemical formulation of the propellant but also 
by its mechanical behavior during the interior ballistic cycle. 
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Appendix B: Code Description and Fortran Listing 

The model of the end burning traveling charge has been encoded in 
the FORTRAN IV language for implementation on the CYBER 7600 compute·r 
and is documented by the listing which forms the principal part of this 
appendix. We provide a summary of the routines, their purpose and their 
linkages to other routines, in Table B.l. In Table B.2 we provide a glos-. 
sary of those variables which are contained in the common block areas of 
stora·ge.. Local variables are not described. Table B. 3 summarizes, in 
detail, the input files used to run the program. 

In addition to the tabular information, we provide the following 
brief discussion of the code structure, paying particular attention to 
the manner in which the physical problem is represented. We also com­
ment on the code output. 

The program consists of a main routine, TC~~IN, which is supported 
by a total of twenty subfunctions and subprograms. For ease of main­
tenance, particularly in connection with the constitutive laws, a large­
ly modular approach has been followed in writing the code. Only the co­
volume equation of state of the gas is int-rinsically bound into the code; 
the remaining constitutive laws are expressed by individual subroutines. 
With the exception of subroutine BASE, which embeds·the rather compli­
cated logic associated with the various combustion models and the bran­
ching among them, the programming is extremely straightforward. 

The principal computational arrays are GS1(100,3), GS2(100,3) and 
GS3(100,3) as described in Table B.2. The first index of these arrays 
points to a mesh location, a maximum of 100 points being admitted by 
the present dimension statements. The second index points to a storage 
level and is assigned the values 1,2,3 on a rotating basis. At any 
level, the index NI points to current storage; that is to ~ay, NI points 
to the present data at the outset of a predictor step and is advanced to 
point to the predicted future data on the corrector step. The index NF 
'points to the storage level which contains the future data. Finally, 
the index NP is used, on the corrector step, to point to the present 
data. The principal integration step counter is NDT, which is incre­
mented by one on each predictor and each corrector level. 

At any time, the gas column is represented by NDIM mesh points whose 
data occupy the first NDIM locations of GSl, GS2 and GS3. If the propel­
lant is treated as a continuum, its data occupy the storage locations 
NDIMl to NDIM2 of GSl, GS2 and GS3, where NDIMl = NDIM + 1. 

The execution of the program is controlled by the data described in 
Table B.3. Multiple runs may be performed as follows. For a g·iven 
probiem, a parametric series may be run using an array of values of the 
ratio of charge-to-projectile mass. At the conclusio~ of this series, 
the program returns to its starting point and looks for another complete 
set of data. If none is furnished, exit occurs. When a parametric 
series is to be conducted, the input datum IDEALI, which defines the 
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combustion model, is also consulted. The basic values of IDEALI are 
zero, if measured burn rate data are used; one, if Langweiler burning 
is used> and two., if the pressure on the unreacted side of the gas/ 
propellant interface, or the projectile acceleration is specified. By 
setting IDEAL! equal to three or four, initial conditions are deduced, 
using the relations described in section 2.6, to yield the appropriate 
value of pressure or acceleration in combination with the designated 
charge-to-projectile mass ratio. Following the evaluation of the ini­
tial data in such cases, IDEAL! defaults internally to the value two. 
It should also be noted that when the initial properties are deduced 
from the charge-to-projectile mass ratio, the propellant density is 
determined from a user-supplied value of the loading density and may 
differ from the value typical of the homogeneous substance. 

We also note, in regard to those data which are defined in a 
tabular fashion, that, except for the measured burn rate data, the fol­
lowing interpretation is made in a consistent manner. Values of the 
dependent variable are deduced for an argument lying within the table 
range of the independent variable by means of linear interpolation. 
When an argument is furnished which lies below or above the table range, 
the dependent variable is assigned the first or the last entry, ac­
cordingly. The measured burn rate coefficients are assumed to be con­
stant until the mass fraction consumed at any time exceeds the corres­
ponding value ZR assigned to the coefficients. Interpolation does not 
occur. 

We conclude by commenting on the output of the code. The principal 
logical index in this regard is the input quantity NPRO. If it is zero, 
the continuum state variables are printed at times which are integer 
multiples of the input quantity TINOM. By setting NPRO equal to one, 
two or three, various bodies of compressed output can be obtained in 
place of the full tables of continuum data. If NPRO is four, no inter­
mediate results are printed. In all cases, the calculation concludes 
with a table of summary data of ballistic interest. The code also tracks 
the total mass.and energy of the system at any time. At the conclusion 
of the run the maximum and final percentage defects of these quantities, 
from the initial values, are printed. These may be used to assess the 
approximate magnitude of the errors of numerical integration in cases 
where physical losses do not occur due to dissipation or outflow. 
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Table B.l 

TCMAIN 

routine. 
and then 

Summary of Routines - Purpose and Linkages 

Called by: 
Calls: 

NONE 
BARl, BAR2, BAR3, BAR4, BASE 
BASEPR, BREECH, GETK, OUTFLO, 
REFIT, SIGCHK, VELCHK 

Purpose: Main program and principal executive 
TCMAIN reads and prints problem data, initializes constants, 

either calls BARl to initialize the state variables or reads 
data from unit 8 if problem is restarted. TCMAIN organizes the two­
level integration scheme and is supported by specialized subroutines 
which handle interior mesh points (BAR3) and the various boundary 
conditions (BASE, BASEPR, BREECH, OUTFLO). TCMAIN provides printed 
output and disc storage of solution in accordance with user-supplied 
data. Summary data are accumulated and are printed at the termination 
of each case. 

BARl Called by: TCMAIN 
Calls: BURN, RNOM, REFIT, RESP 
Purpose: BARl initializes continuum arrays and, 

through the call to REFIT, establishes the initial mesh. 

BAR2 Called by: TCMAIN, BAR3, CARAC 
Calls: None 
Purpose: Utility routine, BAR2 transforms 

computational variables into ordinary state variables. 

BAR3 Called by: TCMAIN 
Calls: BAR2, . HTiv, WFR 
Purpose: 

at all interior mesh points. 
for each level. 

Integration of all continuum equations 
Called twice per integration step, once 

BAR4 Called by: 
Calls: 

TCMAIN 
DSDR 

Purpose: Computes maximum time step allowable 
according to Courant-Friedrichs-Lewy stability condition and safety 
factor SAFE. 

BASE Called by: TCMAIN 
Calls: BURN, CARAC, DSDR, P.:ESP • &\TOM 
Purpose: Subroutine BASE is responsible for the 

determination of the boundary values at the base of the projectile, fol­
lowing burnout, and at the gas/propellant interface for all the com­
bustion models. If the propellant is treated as a continuum, its boun­
dary values at the interface are also deduced by BASE. The routine is 
called twice per update step, once at each level. 

BASEPR Called by: TCMAIN 
Calls: CARAC, DSDR

1 
~~OM 

Purpose: Updates boundary values at base of 
projectile when the propellant is treated as a continuum. Called twice 
per integration step. 
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BREECH Called by: 
Calls: ---

TCMAIN 
CARAC 

Purpose: Updates boundary values at breech of 
tube when breech is closed or impermeable to gas. 

BURN Called by: BARl, BASE 
Calls: None 
Purpose: 

of pressure of reactants. 
Computes measured burn rate as a function 

CARAC Called by: 
Calls: 

BASE, BASEPR, BREECH, OUTFLO 
BAR2, DSDR 

Purpose: Given a value of the velocity at a 
boundary mesh point, CARAC deduces a value of pressure which is compatible 
with the given value and also with the flow in the interior. 

DSDR Called by: 
Calls: ---

BAR4, BASE, BASEPR, CARAC 
SNOM 

Purpose: Computes wave speed in propellant as 
a function of density and rate-of-change of density. 

GETK Called by: 
Calls: 

TCMAIN 
RESP 

Purpose: Computes time derivatives of state 
variables governed by ordinary differential equations. Called twice 
per integration step, once at each level. 

HTW Called b:x:: BAR3 
Calls: None· 
Purpose: Computes heat loss per unit volume 

due to heat transfer from gas to tube wall. 

OUTFLO Called b:x:: TCMAIN 
Calls: CARAC 
Purpose: Computes boundary values at gas permeable 

breech and also at muzzle following expulsion of the projectile. Called 
twice per integration step. 

REFIT Called by: TCMAIN, BARl 
Calls: None 
Purpose: Allocates mesh and performs spline 

interpolation of data when mesh changes. 

RESP Called by: 
Calls: 

BARl, BASE, GETK 
None 

Purpose: Computes resistance to projectile motion 
due to friction on obturator and pressure of shocked air in barrel. 

RNOM Called by: BARl, BASE, BASEPR 
Calls: None 
Purpose: Computes propellant density as a 

function of pressure on nominal loading curve. 
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SIGCHK Called by: 
Calls: ---

TCMAIN 
SNOM 

Purpose: Checks that state of continuum pro-
pellant does not lie above nominal loading curve. 

SNOM Called b!: 
Calls: 
Pu!Eose: 

function of density on nominal 

VELCHK Called b!: 
Calls: 
Puq~ose: 

velocity has not reversed sign 

WFR Called by: 
Calls: ---Purpose: 

propellant and tube wall. 

DSDR, SIGCHK 
None 
Computes propellant pressure as a 

loading curve. 

TCMAIN 
None 
Checks that continuum propellant 

as a consequence 

BAR3 
None 

of friction. 

Computes friction between continuum 
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Table B.2 

AB 

ADWN 
-': 

A!RGAM 

A!RMW 

A!RPO 

AIR TO 

AMU(lO) 

AMUV(lO) 

ANU 

AP.MAX 

ASBR 

AUP 

BMU(lO) 

BMUV(lO) 

BR(lO) 

BRX(lO) 

BN(20) 

BV 

Bl(20) 

B2(20) 

CDBR 

CDMUZ 

Glossary of Principal Fortran Variables 

Bore Area 

Unload/Reload wave speed in propellant 

Ratio of specific heats of air in barrel 
in front of projectile 

Molecular weight of air in barrel 

Pressure of unshocked air in barrel 

Temperature of unshocked air in barrel 

Array of coefficients of friction between 
propellant and tube 

Array of velocities corresponding to AMU 

Poisson ratio of projectile 

Maximum allowable acceleration of projectile 

Throat area of gas-permeable breech 

Loading wave speed in propellant 

Array of coefficients of friction between 
obturator and tube wall 

Array of velocities corresponding to BMU 

Array of resistive pressures due to 
obturator 

Array of projectile displacements 
corresponding to BR 

Array of burn rate exponents 

Covolume of gas 

Array of burn rate additive constants 

Array of burn rate pre-exponential factors 

Discharge coefficient of gas-permeable 
breech 

Discharge coefficient of muzzle 
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CHTW 

CM 

cv 

DB 

DEL TAX 

DELTBX 

DELYR 

DRH0(2) 

DXMIN 

E(lOO) 

ECHEM 

ELB 

ETA(lOO) 

GAM 

GSl(lOO, 3) 

GS2(100,3) 

GS3(100,3) 

IDEAL 

INT 

Coefficient of wall heat transfer 
correlation 

Unreacted propellant mass 

Specific heat of gas at constant volume 

Diameter of barrel 

Non-dimensional mesh spacing in gas column 

Non~dimensional mesh spacing in propellant 

Thickness of gas film used to lubricate 
propellant 

Total time derivative of density of 
propellant at boundaries 

Minimum allowable mesh spacing in physical 
plane 

Array of values of internal energy 

Chemical energy of propellant 

Length of bearing section of obturator 

Array of values of velocity of mesh 

Ratio of specific heats of gas 

Computational array. If I corresponds to 
the gas GSl(I,J) contains the quantity 
pxb at the I-thmesh point at the J-th 
level of integration. Otherwise GSl(I,J) 
contains the value of Pp 

Computational array. If I corresponds to 
the gas, GS2(I,J) contains the quantity 
puxb at the I-th mesh point and the J-th 
integration level. Otherwise GS2(I,J) 
contains up. 

Computational array. If I corresponds to 
the gas, GS3(I,J) contains the quantity 
pxb(e + u2/2g0 ) at the 1-th mesh point 
and the J-th level of integration. Other­
wise, GS3(I~J) contains a. 

Burn rate indicator. See File 2 discussion 
of IDEAL!. 

Set equal to 1 on predictor level and 0 
on corrector level of integration step 
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K(4,2) 

MACH 

MAXDlM 

MOL 

NBR 

NBRESl 

NBRES2 

NBRES3 

NBRV 

NCJ 

NDTI1 

NDIMl 

NDIM2 

NDT 

NF 

NHTW 

NI 

NHUZBL 

NP 

. 
Array of derivatives of Xp, Xp, Mp and 
x at predictor and corrector levels. 

p 

Maximum allowable Mach number of reactants 
relative to regressing interface 

!1aximum allowable number of mesh points 

Molecular weight of gas 

Number of increments of propellant for 
tabular description of burn rate coefficients 

Number of entries in tabular description 
of resistance due to obturator 

Indicator for calculation of resistance 
due to shocked air in front of projectile 

Number of entries in tabular description 
of coefficient of friction of obturator 
as a function of projectile velocity 

Indicator that breech is gas-permeable 
or otherwise 

Error indicator 

Number of mesh points allocated to gas 

NDIM + 1 

Total number of mesh points allocated 
when propellant is treated as a continuum 

Integration counter. Incremented on 
both predictor and corrector levels 
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Pointer to next integration level of 
storage 

Indicator that wall heat loss is considered 
or otherwise 

Pointer to current integration level storage 

Indicator that blowdown is to be computed 
or otherwise 

Pointer to previous integration level storage 



NPRC 

NPRO 

NWFR 

P(lOO) 

PBRF 

PDIA 

PRM 

PRMB 

PST 

QORF(lOO) 

RDOT 

RHO(lOO) 

RHOP 

SIG 

SIGMAX 

SSTART 

T(lOO) 

U(lOO) 

XB 

XBB 

Indicator that propellant is treated as 
continuum or otherwise 

Print option indicator. See File 2. 

Indicator of representation of friction 
between solid propellant and tube. If 
positive, number of entries in tabular 
description of coefficient of friction 
as a function of velocity of propellant 

Array of values of pressure 

Value of breech pressure at which blowdown 
computation is terminated 

Value of pressure which must be exceeded 
in breech prior to onset of permeability 

Projectile mass 

Projectile mass ahead of midpoint of 
obturator 

Initial pressure of gas 

Array of values of heat loss, if mesh 
point corresponds to gas, and wall friction, 
if point corresponds to propellant 

Rate of regression of interface relative 
to unreacted propellant 

Array of values of density 

Initial density of propellant at zero pressure 

Value of pressure on unreacted side of 
gas/propellant interface 

Maximum allowable value of SIG 

Shot start pressure 

Array of values of temperature 

Array of values of velocity 

Length of gas column 

Length of propellant column 
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XIl 

XI2 

XLPRI 

XPR 

XPROP 

ZR(20) 

___:r__ p 0 

y - 1 p 
p 

Po 1 
e (-- b) 

p y - 1 pp 

Initial length of propellant column 

Projectile travel 

Initial position of base of projectile 
relative to breech 

Array of values of mass fraction of 
propellant for tabular description of 
burn rate coefficients 
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Table B.3 Description of Input Files 

File 1: One Card (20A4) Mandatory 

ITIT Problem title. Up to 80 alphanumeric characters 

File 2: One Card (16!5) Mandatory 

IDEAL! 

NPRC 

NPRO 

NDSK 

NDSKID 

NDSKDT 

NPAR 

NBR 

Propellant burn rate indicator 
0 Measured burn rate data. File 6 required. 
1 - Langweiler ideal burning 
2 - Ideal burning with prespecified value of pressure 

on unreacted side of gas/propellant interface or of 
projectile acceleration. Note the discussion of 
SIGMAX, MACH, APMAX in File 4. 

3 - Like 2 except that APMAX is deduced from SIGMAX 
according to initial propellant mass. Option used 
for parametric studies in which SIGMAX is to be 
constant while charge-to-projectile mass ratio varies. 

4 - Like 2 except that PST! (File 4) and SIGMAX are 
computed from APMAX according to initial propellant 
mass. Option used for parametric studies in which 
APMAX is to be held constant while charge-to-pro­
jectile mass ratio varies. 

0 - Propellant treated· as rigid 
1 - Propellant treated as continuum. File 7 required. 

Print Option for logout other than summary data 
0 - Detailed print including flow profiles 
·1- One line summary at each logout step 
2 - Energy trajectory printed 
3 - Interior ballistic data and % energy trajectory printed 
4 - No print other than summary 

Disc read/write parameter. If active, unit 8 must be defined. 
0 - Neither read nor write 
1 Write only 
2 Read only 
3 Read and write 

Problem identifier if multiple storage on unit 8 

Time step for restart of problem if NDSK = 2 or 3 

Number of parametric cases. If NPAR > 0, File 17 is required. 

Number of entries in burning rate table, File 6. 
Default value is NBR = 1 (Maximum of 20) 
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NWFR 

NBRESl 

NBRES2 

NBRES3 

NHTW 

NMUZBL 

NBRV 

Propellant Wall Friction Parameter 
0 - Friction between propellant and tube not considered 

-1 - Friction due to gas film. File 8 required. 
>0 - Number of entries in velocity dependent coefficient 

of friction table. (Maximum of 10). File 9 required. 

0 - Obturator resistance not given a~ table 
>0 - Number of entries in table of resistive pressure 

versus travel (Maximum of 10). File 10 required. 

0 - Resistance due to shocked air not considered 
1 - Resistance due to shocked air considered. File 11 

required. 

0 - Obturator resistance not proportional to setback 
pressure. 

>0 - Number of entries in table of velocity dependent 
coefficient of friction of obturator. (Maximum of 10). 
Files 12 and 13 required. 

0 - Heat loss to wall not considered. 
1 - Heat loss considered. File 14 required. 

0 - Tube blowdown after muzzle exit not considered. 
1 - Blowdown considered. File 15 required. 

0 - Breech closed. 
1 - Breech gas-permeable. File 16 required. 

File 3: One Card (415, 5Fl0.0) Mandatory 

NSTOP 

MAXDIM 

NCYl 

NCY2 

TINON 

TIS TOP 

XSTOP 

Number of integration steps before termination. 
If NSTOP = 99999, number is unbounded. 

Maximum number of mesh points to be used in continuum 
representations. (~ 100) 

Following step NCYl, NPRO will default internally to 
0 to yield detailed printing. 

Following step NCY2, NPRO resumes the value specified 
in File 2. 

Time interval for printing (See NPRO, File 2) 
and disc storage (See NDSK, File 2). (msec) 

Time at which computation is to be terminated (msec) 

Projectile travel at which computation is to be 
terminated (ins) 
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SAFE 

DXMIN 

Safety factor by which C-F-L time step is divided. 
Must be at least one. 

Minimum mesh size for c·ontinuum representation (ins). 

File 4: One Card 8Fl0.0) Mandatory 

DB 

XIB 

PRM 

SSI 

PST! 

SIGMAX 

MACH 

APMAX 

Diameter of tube (ins) 

Initial length of gas column (ins) 

Mass of projectile 

Shot start pressure (psi) 

Initial pressure of gas (psi) 

Maximum value of pressure on unreacted side of 
gas/propellant interface. If SIGMAX = 0, no 
restriction is considered. (psi) 

Maximum value of Mach number of reactants relative 
to regressing surface. If MACH = 0, no restriction 
is considered. 

Maximum value of acceleration of projectile. 
If APMAX = 0, no restriction is considered. (gravities) 

File 5: One Card (8FlO.O) ~iandatory 

GAM Ratio of specific heats of gas (-) 

BV Covolume 3 
(in /lbm) 

MOL Molecular weight (lbm/lbmol) 

ECHEM Chemical energy of propellant (lbf-in/lbm) 

3 RHOP Density of solid propellant at zero pressure (lbm/ in ) 

CM Mass of propellant (lbm) 

ALDEN Loading density 
3 . 

(lbm/in ) 

File 6: NBR Cards (4FlO.O) Required if and.only if IDEAL!= 0 or 
if NBR is read as a positive number. 
See File 2. 
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,-. ----

Bl(l) 

B2(1) 

BN(l) 

ZR(l) 

B1(2) 

ZR(NBR) 

B ddi i f 1st .. urn rate a t ve constant or ~ncrement 

of propellant (in/sec) 

Burn rate pre-exponential coefficient for 1st 
increment of propellant (in/sec- psiBN) 

st Burn rate exponent for 1 increment of propellant (-) 

Mass fraction defined by end of first increment (-) 

nd Like Bl(l) but for 2 increment. (New Card) 

Mass fraction defined by end of last increment, 
including contributions of all preceding increments (-) 

File 7: One Card (2Fl0.0) Required if and only if NPRC ~ 0. 
See File 2. 

AUP 

ADWN 

Compressive wave speed in propellant at ambient 
conditions (in/sec) 

Unloading/Reloading wave speed (in/sec). If ADWN 
is entered so that it is less than the nominal loading 
wave speed, the loading value is used. By entering 
ADtffl = 0 a reversible law is defined. 

File 8: One Card (2Fl0.0) Required if and only if NWFR < 0. 
See File 2. 

VISLYR 

DELYR 

Viscosity of gas film used to lubricate propellant 
(lbm/in-sec) 

Thickness of film (ins) 

File 9: One to three Cards (8FlO.O) Required if and only if 
NWFR > 0. See File 2. 

AMUV(l) First value of velocity of propellant (in/sec) 

AMU(l) Corresponding coefficient of friction on tube (-) . 

AMUV(NWFR) Last value of velocity (in/sec) 

AMU(NWFR) Corresponding coefficient of friction (-) 
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File 10: One to three Cards (8FlO.O) Required if and only if 
NBRESl ~ 0. See File 2. 

BRX(l) 

BR(l) 

BRX(NBRESl) 

BR(NBRESl) 

First value of projectile travel (ins) 

Corresponding value of resistive pressure due 
to obturator (psi) 

Last value of projectile travel (ins) 

Corresponding value of resistive pressure (psi) 

File 11: One Card (4Fl0.0) Required if and only if NBRES2 ~ 0. 
See File 2 •. 

AIRGAM Ratio of specific heats of air (-) 

AIRPO Pressure of air in barrel (psi) 

AIRTO Temperature of air in barrel ( 0 R) 

AIRMW Molecular weight of air in barrel (lbm/lbmol) 

File 12: One Card (3FlO.O) Required if and only if NBRES3 ~ D. 
See File,2. 

PRMB 

ELB 

ANU 

Mass of projectile ahead of midpoint of 
obturating band (lbm) 

Length of bearing section of obturating band (ins) 

Poisson's ratio of obturating band (-) 

File 13: .One to three Cards (8Fl0.0) Required if and only if 
NBRES3 ~ 0. See File 2. 

BMUV(l) 

BMU(l) 

BMUV (NBRES3) 

BMU(NBRES3) 

First value of velocity of projectile (in/sec) 

Corresponding value of coefficient of friction 
between obturator ·and tube (-) 

Last value of velocity of projectile (in/sec) 

Corresponding coefficient of friction (-) 
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File 14: One Card (4Fl0.0) Required if and only if NHTW ~ 0. 
See File 2. 

TWALO 

CHTW 

VISG 

PRNO 

Temperature of tube ( 0 R) 

. Coefficient of heat transfer correlation (-) 
Default value is 0.092. 

Viscosity of gas (lbm/in-sec) 
Default value is lo-5. 

Prandtl number of gas (~) 

Default value is 0.7. 

File 15: One Card (2Fl0.0) Required if and only if NMUZBL ~ 0. 
See File 2. 

PBRF 

CDMUZ 

Value of breech pressure at which blowdown calculation 
is to be terminated (psi) 

Discharge coefficient for efflux from muzzle (-) 

File 16: One Card (4Fl0.0) Required if and only if NBRV ~ 0. 
See File 2. 

ASBR 

CDBR 

PDIA 

Throat area of discharge nozzle in breech (in2) 

Discharge coefficient for nozzle (-) 

Rupture pressure which must be exceeded before 
breech becomes permeable to gas (psi) 

File 17: One or two Cards (8Fl0.0) Required if and only if 
NPAR ~ 0. See File 2. 

COM(l) Value of charge-to-projectile mass ratio for first case (-). 

COM(NPAR) Value for last case (-) 
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'• 

~ PRflGR~n TO STJDY END BURNING TRAVELING CHARGE 

~ VE~SIUN CREATED FEP 1 1980. c 

r .... 

c 

,.. 
.... 

,.. 

Cn!-~MON /BARA I 
CCJMM0\1 /BAR3/ 
CO!:MON /BARC/ 
C 0 f' f-A 0 N I BARD I 
COt·~!10N /BARE/ 

GS1(100,3), GS2(100,3), GS3(100,3) 
~H0(100), P(100), [(100), T(lOO), U(lOO), ETA(lOO) 
N D T · , · N 1 , N F , N P , 1 NT , N 0 l ~A , M A X 0 I M 
DXMIN DELTAX . 

1 CV, ZR(20) 
G H~ , B V , !-1 0 L, E C H Et-1 , R H 0 P , 8 1 ( 2 0 ) , B 2 ( 2 0 ) , B N ( 2 0 ) , 

rOM~lON /RARF/ XPR, VPQ, (1'1, XB, VP, AB, 0 R"1, ROOT, SIG, SSTART 
C 0 n~ m1 I 8 A R ~ I X ~"\P , 0 [ L E~ X , ~: P f C ,tiD I M 1 , ~w H1 2 
C D !A H U ~ J I P l\ P H I A U P , /' D W 11.1 , V I S L Y R , D ::: L Y R , A M ! J V ( 1 0 ) , A M U ( 1 0 ) , D B , * 3~X(10),9R(10),AIRGA~,AIRPO,Al~TD,A1RMW,TWALO, 

~BRF,CG~~UZ,ASBP,COBR,PD1A,CHTW)DRH0(2) 
/AARH2/ PRMP,Elq)~NU,BMUV(10),BMU(10 ,NBRES3 
/BARH3/ P~Nr,VIS~ 

... . ,. 
C~t·1 1.',f1N 

CJW.1[1'J 
C0t·1 ~10N 

ccnmN 
CO t·H~CJN 
C Of1t ~C''I 
cor-:~mr~ 

C 01-1~~\lN 
CflMi"10N 

/BARH4/ RESAIR,RESnR 
I f!.AP.l/ N\·tFR, Hf:'RfS 1 ,N?RE S2 ,NHH1,Nt<~UZRL ,!'-JP,RV 
I R A P C J 2 I P S T , ~ I C, ~~ h X , M A : H , A P ~1 A X , X I 1 , X I 2 , "J C J , I D EA L 
!tHd<',J/ QOR.F( lCO) ,PR?PES 
/REC:G/ 1<(4,?) 
/LPRJ/ ~PP.O 
/RPVAR/ XLDPI, XPQQD,NG~ 

DII'F:NS!Q~l flT1(t)), SAVF(5), PQS(100),t!eC(~) 
D I r: F t,l C: I 0 "~ C J Y; ( l 0 ) , I T I T ( 2 0 ) 
DI~1['-t~:IJ"i SE~rH108), cEGE(lCD), SFGKc(lOJ) 

[ 0 U I V A L :~ (l C F ( D T 1 ( 1 ) , Y. '=> '<: ) 
rAT~?, G /l 0 5SO.Dn, 3A5.16DO/ 

PEAD TITLE LI'IE 

2 0 R r:: !'c.. [1 ( ~ , 4 c:,'), r: '.'0 = 41 0) ( I TIT ( 1 ) .t I::: 1 , 2 0) 

C r.:c:: U M·W rR I 'H !'PUT J tl.i t.. 
r 
\.. 

r .... ,. 
··~ r .-.I' 1· r: ~, 1 · 

\h 



c 
r .... 
\.. 

REA 0 ( ~, 5 00) DB , X IF~ , P R "1 , S S I , PST I , S I G t1A X , 11 A C H , A PM AX 
READ (5,500) GAM,BV,MDL,ECHEM,RrlOP,CM,ALDE~ 
JF(IDEALI.NE,O) GO TO 40 
NBRA=l 
JF(NBR.GT.O) ~3RA=NAR 
00.30 I=1,NBRA 
READ(5,500)Bl(I ),B2(1),BN(l),ZR(I) 

30 CONTINUE 
40 IF(NPRC.NE,O) ~EAD(5,500) AUP,AJWN 

~~~~~~~:~f:81 ~~t81~r·~881 Yl~b~?r~Ek~5(J),I=1,NWFR> 
I·F(NBRESl.NE,O) READ 5,500) (BRXCif.BR(I),I=1,NBRES1) 
JF(NBRES2.NE.O) REA0(5,500) AIRGAM,AIRPO,AIRTO,AIR~W 
IF(NBRES3.EQ,O) GO TO 45 
RFAD(5,500) D~~B,EL8,ANU 
F:EAD(5,500) (BMUV(J),BMU(J),I=l,NEU~ES3) 

45 IF(NHTW.NE.O) REA0(5,500) TWALO,CHTW,VISG,PRNO 
IF(VISG.LT,l.D-10) VISG=1.D-5 
IF(P~NO.LT.t.J-10) PR~D=0.700 
IF(CHHI.LT.l.D-10) CHTw::cQ,092DO 
IF(NMUZ3L.NE.J) REA0(5,500) PBRF,CDMUZ 
JF(NBRV,NE,O) READ(5,500) ASBR,CDBR,PDIA 
NPP=l 
FOR=ECHEM*(GA~-1.00) 
AB=3.141592600/4.DO*OB*DB 
VI=AR':<XIB 
CMI=CM . 
CT=CM+VI*PSTI/(FnR+PSTI*BV) 
IF (NPAP.EQ.C)) GO TC' PO 
R FA 0 ( 5 , 5 C 0) ( C 0 M ( I) , I= I , ~PAR ) 

60 CT=CQMlNPR)*P~~ 

COMPUTE SIG~AX ANO PSTI fASfD 0~ APMAX 

IF (IDEALI.EQ.4) IDFAL=2 
IF CIDEALI.NE.4) GO TO 70 
CPR=APMAX*(O~~+CT)/AB 
TP1=VI*APMAX/A9+FJR-CPR*RV 
TPSQ=TPl*TPl . 
TP?=4.rO*AVOCO~*F1P 
DSTI=(-TP1+D~~~T(TPSQ+TP?))/(2.90*BV) 
SIGM.H=PSTI 

70 CI=PSTI*Vl/(FJR+PSTI*SV) 
VC=CT//lLDFN 
C'·l=CT-CI 
f< H D r ::;:; Ul I ( V C - V I ) 
CM t =P1 

~ C\ P S T = P S T I 
CH1T=CT 
FTnT=CT:::fCHt'-1 



c 
c 
c 

(. 

9D 1-WlTE (6,4fJD) (}TJT(J),J=l 1 20) 
: lR I T t: ( A , 52 0 ) I D E AL J , n P r~ C , '•J D P 0 , N [IS K , 1·!0 S K. I D , ~IDS K 0 T , 'l P A~ , ~ B R , 

:;: '\l ~ F rx , '.Jl' D F S 1 , N 8 R F S 2 , 'X P P !: c:: 3 , N H T W , '-W U l B L , N P. R V 
1;i!\ IT t ( C , r:;. ?C.. ) ~ l S T OP , t.\ t.. n; I ~1 , ~'1 C Y1 , N C Y 2 , T IN C1 ~~ , T I S T 0 P , 

:;: X 5 T [' P , S ,\ r : , D X ''- I t-' 

IF (J[)[ALI.:?.3) ID[f.L=2 
I F ( I DE A L I • E Q • 3 ) ~. H1 A X = S I G '1 A X:;: A 3 I ( DRY+ C M ) 
WPITf (5~530) 08,XTE,PRM,CM,PST,SI~MAX,MACH,AP~AX,COM(NPR),VC, 

1 . A L D E ~'-' , . S J 
HRITE(6,46n) (JTJT(I),I=l,20) 

C INITJ,,LJZE C~J'IJST.~\JTS 
r 
'-



i. 
~ 

I .. 
I 

I 
! 
l 
I 
I 
' ' 

\0 
OD 

RESOB=O.OO 
DPHAX=cO.OO 
DPHIN·*O• DO 
CTDE~H:o.oo 

ETDE~M=O.OO DRHO 1 ,=o·•oo 
ORHO 2)=0.00 oo 94 t:r,e 

94 K(l.t1)=0.00 
DO "15 l=l ,100 

95 OORF(I)=O~OO . 
X11=GAH/(GAM-1.00)*PST/RHOP . 
Xl2=ECHEM-PST/(GA~~1.00)*(l.DO/RHOP-BVJ 

100 
110 

XLPRI=CH/(RHOP*AB) . 
XBB=XLPRI 
XPROP=CM/RHOP/AB+XB 
IF(NBRES2.NE.J) WRITE(6,B40) AIRGAM,AIRPO,AIRTO,AIRMW 

IFJNHTW.NE.O) WRITEC6(850) TWALO~CHTW,VISG,PRNO 

~~l~~W3~b~~~i 0~Rr~J1~.3JS?
0
lsC~~E6i~~~~~A 

~~~~g~~~~~=~:81 ~~~l~\t:~:gJ ~~~~~~L~~~~b!i,~b~~~,~~~~(J), 
* 1=1,NBRE:)3) 

WRITE (6,540) GAM,AV,MOL,ECHEM,RHOP,BlC1),B2(1),BN(1),XLPRI,XPROP 
IFCNPRC.NE.O) WRJTE(6,800) AUP,AOWN 

·IF(NWFR.LT.J) WRITE(6,S10) VISLYR,DELYR 
JFCNHFR.GT.O) WRITE(6f820) (AHUV(J),AHU(I),J=1,NWFR) 
IF CNBR.EQ.O) GO TO 1 0 
WRITE (6,690) 
e21l~0 (~:~o~r~l ,81 (I) ,BZ( I) ,BN( I) ,ZRC I) 
CONTINUE · 
WRITE (6,550) 
WRITE (6,470) (ITJT(I),J=1,20) 
IPRT:1 
IF (NPRO.EQ.1) WRITE (6,b70) 
IF (NPRO.EQ.2) WRITf (6,630) 
IF (NPRO.EQ.3) WRfTE (6,610) 
JF(NOSK.EQ.O) GO 0 129. 
REWIND e 
IF(NOSK.LT.2) GO TO 123 

c 
C RESTART OF ~JST RECENT CASE ,.. ... 

121 READ(8,END=122) MOSKJO,MOSKDT,MPRC,MOIM,~DI~2 

J~C~ssrJ~·EO.NOSKIO.ANO.MDSKDT.EQ.NOSKOT) GO TO 125 
122 WRITE(6,790) ~OSKID,NOSK 

CALL EXIT 
123 IF(ND5KID.LE.1) GO TO 129 



'-0 
'-0 

c 

'·' 

124 REA0(8,END=122) MOSKIO 
IF(MDSKIO.NE.99999) GO TO 124 
B~CKSPACE 8 
GO TO 129 

125 BACKSPACE 8 
C~LL PF.F lTC 0, 1) 
lfNO=MDI M" 
IFCMPRC.EQ.l) IENO=MDIM2 

- ----------

REA0(8) MOS<1JtNSTEPtNPRCtNDIM 1 NDIM2,NOT,NI,NP,NF 1 NDIMl,NBC, * NPRT NHRT,SS ART PDIA,PMAX PMAXA,ST~AX AKbMAX 
~. DELT1XtOELTBX,DTl 1 TIMt,ROOf.1SIGfXBB,XL~RifXPR~P,. ... PP\1~l(, G51(1,NF),b52(l,NF),uS3( ,NFJ,I=1, END) 

TPRT=TIME · 
NNPRC=NPRC 
SAVE(4)=XB 
BACKSPACE R 
GO TO 130 

129 CALL BARl 
NF =1 

C PRINT 
c 

c 
c 
c ,.. 
.... 

r 
" ,.. 

c 

130 NOIM~=NDIM 
IF(NPRC.EU.1) NO!MM=NDIM2 
CALL P.AR2 (1 ,~DIMM,NF,XB) 
IFCNBRV.EQ.O) GO TO 135 
IF(P(l).GE.PDJ~) ~BC(l)=l 

PRINT AT BURNOUT ~NO AT EXTREMA OF PRESSURE 

CQf..!PlJTE SIJUNG VELOC JTY l\ND t-"ACH NO. 
135 AO=DSQRT(G*G~~¢P(~Ol~)/RHn(NDIM)/(l.DO-BV*RHO(NDI~) )) 

AMACH=DABS(U(~DJM)-VP)/AO 

COMPUTE PROJECTILE ACCELERATION IN KILO-G:s 

IF (NBC(2).EQ,1) GO TJ 13B 
· AKG=O.DO . 

IF(NOT.GT.O) AKG=K(2,2)/G/l000,DO 
13R MAND=O 

JF(NNPRC.NE~NPRC) MAND=l 
NNPRC=NPRC 
IF (NNBC2tNE.~BC(2)) 
NNBC2=N8C 2) 
IF (NBRT.GT.U GO TO 
IF (CM.LE.l.0-10) G(l 
Gn TO 150 

1 4 C' N '3 !<' T = N P R T + 1 
PP.P.PU=P(l) 
r>BBO=P(NDJM) 

\1AND=l 
150 
TO 140 

-1 



..... 
0 
0 

STRBO=SIG 
XBO=·XPR 
TBO=TIHE*.l.03 
VBO:tOT1(2J/12.DO 
~~JRB:~RlEP 
AHBO=AMACH 

150 IF (NBRT .EQ.l) MANO=l 
PBITA=O.DO 
~~ l$?1 ~ :~f~~arTA) PBI TA =P( I) 

160 <:ONTINUE 
IPBIT=PBITA 
PBIT=IPBIT 
PHAXA=PMAX 
PMAX=PBIT 
IF (PBITA.GT.PPMAX) GO TO 170 
GO TO 180 

170 PPHAX=PB ITA 
PBHAX=P(NDIM) 
PBRHAX=P (1) 
STRHAX=SIG 
XPMAX=XPR 
TPMAX=TIME*l.D3 
VPHAX=DT1(2}/12.DO 
NSPMAX =N STEP 
lk~~A~lK8o-DT1C3J/CMI 
AMPM=AMACH 

180 DPHAXA=P(1)-P(NOIM) 
JF(DPMAXA.LT.DPMAXJ GO TO 182 
DPHAX=DPMAXA 
PBPHX=PCNDIM) 
PBRPHX=P(l) 
STRPMX=SIG 
XPPHX=XPR 
TPPMX=TI ME*l.D3 
VPPMX=OT1(2)/12.DO 
NPMX=NSTEP 
ZPMX=l.OO-DT1(3)/CMI 
~.KCPMX=AKG 
AMPHX=AMACH 

182 IF(DPMAXA.GE.OPMIN) GO to 184 
OPMIN=DPMAXA 
PBPMY=P(NOIM) 
PBRPMY =P ( 1) 
STRPMY=-SlG 
YPPMY=XPR 
TPPMY=TI ME:::} .03 
VPPMY=OT1(2)/12.DO 



--------

...... 
0 ...... 

c 
E 

., 

184 

190 

200 

205 

·210 

220 

230 

NP!W =NS T EP 
ZPMY=l.DO-DT1(3)/CMJ 
AKGPMY=AKG 
AMP MY: fd'1 ACH 
IF (AKG.GT.AK~MAX) GO TO 190 
GO TO 200 
A KG·t1AX =A KG 
PLWAM=P( 1) 
PBAM=P(NOIM) 
STRAM=SIG 
XAM=XPR 
TAM=TIME*1.03 
VPAM=OT1(2)112.00 
ZAM=l.DO-DTl (3)/CMI 
NSAM=NSTEP 
AMAM=AMACH 
TAME=TIME:::l. 03 
IF (N8C(2).E0.1) GO TO 205 
VELF=DTl(2liJ2.00 
Z=l.OO-DTl 3 /CMI 
IF (SIG.GT.ST~AX) GO TO 210 
GO TO 220 
ASTMAX=AKG 
PBRSTM=P(1) 
PBSTM=P(NOIM) 
'STMAX=SIG 
XSTM=XPR 
TSTM=T IME:::t. 03 
VPSTM=DT1(2)/12.DO 
ZSTM=l.DO-nTt(3)/CMI 
NSTM=NSTFP 
AM STM= AM ACH 
IF (NPRO.EQ.4) GO Tr 310 
IF H-ISTEP.GT.NCYl) NPRD=O 
IF (NSTEP.GT .'JCY2) NPRO=NPROI 
IF (OABS(TIME-TPRT).LE.l.0-10) 
IF (MAND.EQ.O) GO TO 335 
LINE=liNE+NDIM+lB 
IF (LINE.LT.55) GO TO 240 

·LINE=NDIM+lR 
IF (NPRO.GT.O) GQ TO 240 
WRITE (6,55J) 

COMPUTr SEG~F.NT VOLUME 

::;o TO 230 

240 FAC=AB*XB*DELTAX 
SEGW(l)=FAC*.5DO*RHG(l) 
SEGW(NDJM)=FAC*.5DO*RHO(~OIM) 
SEGE(1)=FAC*.5DO*RHO(l)OE(l) 
SECE(NDIM)=FAC*.5DO*RHO(NOIM)*E(NDIM) 



c 
f .. 
c 
c c 
,. ... 
E· 

_,.,.,.--....... , 

.... -250 
0 c 

.N c . 
·1 c 

c 
C. c 
c 
c c 

c 
c c 

c 
c ,. .. 

SEGKE(l)=FAC*.500CRHO(l)OU(l)**2/(2.00CG) 
S E G K E ( N D I M ) = F "C * . 5 0 0¢ ~ H 0 ( N D I M ) ~ J ( N D 1 M ) * * 2 I( 2 • 0 0 * G ) 
TSEGW=SEGW(l)+SEGW(NOIM) 
TSEGIE=SEGE(l)+SEGE(NDIM) 
TSEGKE=SEGKE(l)+SEGKE(NDIM) 
KDIM=NDIM-1 
DO 250 KK=2,KDIM 

SEGMENT MASS 
SEGW(KK)=FAC*RHO(KK) 
TSEGW=TSEGW+SEGWCKK) 

SEGMENT INTERNAL ENERGY 
SEGE(KK)=FAC*RHO(KK)*E(KK) 
TSEGIE=TSEGIE+SEGE(KK) 

SEGMENT KINETIC ENERGY 
SEGKE(KK)=F"C*RH0(KK)OU(KK)**2/(2.DO*G) 
TSEGKE=TSEGKE+SEGKE(KK). 
CONTINUE · 
CHEMICAL AND KINETIC ENERGY OF UNBURNT PROPEllANT 

CHEUPR=CM*EC·HEH 
AKEUPR=CHOVPR**2/(2.00*G) 

PROJECTILE KINETIC ENERGY 
PRKE=PRM*VPR**2/(2.DO¢G) 

TOTAL MASS 
TMA SS=TSEGW+ CM 
CTDEL=lOO.QD¢(1.00-TMASS/CTOT) 
IF(OABS(CTOEL).GT.DABS(~TDELM)) CTOELM=CTDEL 

TOTAL FNERGY 
TENG=TSEGIE+TSEGKE+CHEUPR+AKEUPR+PRKE 
ETDEL=l00.000(l.DO-TENGIET0T) 
IF(DABS(ETOEL).GT.OABS(ETDELM)) ETOELM=ETDEL 

CO~PUTF PERCENTAGE ENERGY BALANCE 

PIE=TSEGIE*lOO.DO/TENG 
PKE=TSEGKEOlOO.DO/TFNG 
PCUPR=CHEUPROlOO.DO/TENG 



c 
~ 

c 
c 
r ... 

r ... 
r c 

260 

.265 

266 

I' '. 

PKFUPP=AKEUPR*lOO.DO/TENG 
PPRKE=P~KE*lJJ.OO/TENG 
PITT=PIE+PKE+PCUPR+PKEUPR+PPRKE 
B1T=DARS(U(NDIM)-V~) 

BIT=RIT/DSQRT(G*GAM*PCNDIM)/RHOCNDIM)/(l.DO-BV*RHO(NDIM))) 
no 260 I=l,NQlM . 
POSCil=DFLOAT(I-l)*XB*DELTAX 
IF(NPRC.EQ.J) GO TO 266 
on 265 I=NOIM1 ,~JOIM2 
POS(l)=XB+DFLJAT(I-NDIMl)OXrB*DELTBX 

CHECK OUTPUT OPTIONS 

IF (NPRO.GT.O) GO 10 270 

PROFILf DIST~IBlJTIQI'I OUTPUT 

WRITE (6,560) NSTEP,TAMF.,DTl,RDOT,SIG,BIT,AKG,RESAIR,RESOB 
WRITE (6,570) TMASS,TSEGW,CM 
WRITE (6,5RO) TfNG,TSEGIE,TSEG<E,CHEUPR,AKEUPR,PRKE,PITT,PlE,PKE, 

1 PCUPR,PKEUPR,PPRKE 
WRITE (o,"590) 
I.J R IT E ( 6 r 60 0 ) ( P Q 5 ( I ) , R H 0 ( I ) , P ( I ) , T ( I ) , U ( I ) , S E G K E ( I ) , S E G E ( I ) , 

_l SEGWCIJ,I=l,NDIM) . 
. IF(NPRC.EQ.l) WRITE(6,601) (POSCI),RHO(l),P(I),U(I),I=NDIMl,NDIM2) 
GO TO 310 

2 7 0 IF ( NP P 0 • F. Q. 1) G 0 T 0 2 9 0 
IF (NPPO.EQ,2) ~0 TO 280 

ONE LINE lR DATA + ( F~ERGY PRINTED 
PBR=P(1)/lOOO.D0 
PRASf=P(NOlM)/lOOJ.rO 
STRESS=SIG/1000.00 
WRITE (6,620) TAME,XPR~VEL~,AKG,PBR,PBASE,STRESS,Z,DTl(4),RDOT,BIT 

1 ,Pif,PKE,PCUPP,PKFUP~,PPRKE,NSTEP 
(,[.1 TO 300 

ONE LINE FNE~SY T~AJlCTO~Y 

280 WRITE (6,640) TA~E,XPR,VELF,TENG,TSEGIE,TSfGKE,CHEUPR,AKEUPR,PRKE, 
1 PITT~PIF:,PKE,PCUPP,PKEUPP,PPRKE · . . 

GQ TG A10 
290 H!-'ITE (6,680) T/l~~E,XPR,VELF,P(1),P(NOH.O),OT1(3),Z,OT1(4),0Tl(5), 

1 ROOT,SIG,BIT,NSTFP · · 

PRINT TITLE LINF aFTfQ 53 Tl~E STE~S 

300 IPFT=IP>\T+l 
IF (IPRT.LT,SJ) GO TO 310 

,. 



310 

WRITE (&,550) 
WRITE (6,470) (ITIT(I),I=l,20) 
IF ( NPRO. EQ, 1) WRITE ( 6, 6 70) 
IF (NPRO.EQ.2} WRITE (6,630) 
IF (NPRO.EQ,3) WRITE (6,610) 
IPRT=1 
IF'(OABS(TIME-TPRT).GT,J,D-10) GO TO 320 
NPRT=NPR T+l 
TPRT ,.TPR T+TNCI'1 

320 
c· 

IF (IDEAL.EQ.O) GO TO 330 

(HECK MACH NU'1BEP OF REACTION P~ODUCTS IN IDEAL CASE 

IF (NPRO.GT.O.OR.NBC(2).EQ.l) GO TO 330 

c. 
c 

c 
r 
" c 

,. ... 
c 
c 

IF (BIT.GE.l.DO) WRITE (6,660) 

CHOOSE TIME= STEP 

330 IF(NDSK.NE.l.~ND.NDSK,NE.3) GO TO 335 
IEND=NDIM 
IF(NPRC.EQ.l) IEND=NDIM2 
WRITE (8) NDSKID 1 NSTEPfNPRC.tNDIM.tNDIM2J.NOT •NI •NP ,Nf: 1NolMl ,NBC, · * NPRT,N~PT,SS ART,~DIA,~MAX,PMAXA,STMAX~AKbMA ~ * DfLTAX(DELTBX,OTl,TIME,RDOT,SIGfXBB 1 XL~RlfXPRuP, * PP..,AX 1 GS1(I,NF),GS2(1,NF),GS3( ,NFJ•I=l, END) 

335'IF fNEXIT.EQ.lJ GO TO 420 
DT:: NOM 

340 
350 

360 

COURANT STABILITY CONDITION FOR FLOW 

IEP=O 
CALL BAR4 (TSET 1 XB~XBB,SAFE,IER) IF (IER,EO.l) Gu Tu 440 
IF (TSET.LT.OT) DT=TSET 
BIT=DAP.S(XB*QJRF(NOIM)/GS3(N01MfNF)) 
IF (BIT::•OT.GT.O.lDO) DT=O.lDO/B T 
IF (SIG*DT.GT.1.DO) DT=l.OO/SIG 
IF (TIME+DT,GT.TSTOP) DT=TSTOP-TIME 
IF (VPR,LT.t.D-10) GO TO 340 
BIT=(XSTOP-XPR)/VPP 
JF (OT.GT.BIT) DT=P.IT 
IF (T I~E+DT.GT .TPRT) DT=TPRT-TI11E 
IF(N8C(2).EQ.1) GO TO 365 
CALL GETK ( 1) 
YBBP=XB3 
Q~v€~9 >~otit r, 
0 T 1 ( I ) = fl T 1( I ) + K ( I , 1 ) :::o T 
XBB=XPF-Xg+X!3+XLPPJ 
SAVl:(5)=VB 



...... 
0 
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,,, 

365 

366 

370 

375 

376 

377 

;:. 7? 

... 

IF (CM.LT.1.0-10) CM=O.DO 
IF ( 01. L T • 1. ) -1 0) 511 VF.( 3 ) = 0. D 0 
IF (XR.GT.XPR+XPROP-1.0~6) XB=XPR+XPPOP 
CALL 3AR3 (1,SAVE(4 ),Vf:,,XRBP,VPR.,_DT) 
IFWflC(l).E~.O) C~LL BJ.'EECH (SAVt(4),XB,DT) 
I F ( NBC ( 1 ) • E Q • 1 ) C 6. Ll. 0 U T F L 0 ( 1 , SA V E ( 4 ) , X B ,[H , 1 • D 0 ) 
IF(NP~C.EQ.1) CALL PASEPR(X8BP,DT) 
IER2=0 
IF(NBC(2).FQ.O) CALL BASE (SAVE(4),XB,XRBP,OT,IER2) 
IF(NBC(2).EQ.1) CALL OUTFLO(NDIM,SAVE(4),XB,OT,-1.DO) 
TF (IEP2.EQ.l) GO TQ 42() 
IF (NCJ.EO.f) GO TO 390 
IF(NPRC.E0~1) CALL SlGCHK 
IF(NWFP.NE.D.AND.NPPC.EQ.l) CALL VELCHK 
IF(N8C(2).EQ.1) GO TO 366 
CALL GETK (2) 
CALL BA~3 (J,XR,V8,XBB,VDR,DT) 
IFO·!BC(2).F.Q.l) GO TO 375 
DO 370 I=1,4 
D T 1 ( I ) =SAVE ( I ) + 0. 5 D 0::: ( K ( I , 1 ) + K ( I , 2 ) ) :::0 T 
XBB=XPR-XB+XT?+XLPRI 
IF (CM.LT.1.D-10) CM=O.DO 
IF(CM.LT.1.0-10) SAVF(3)=0.00 
IF (XB.GT.XP~+XPPOP-1.0-6) XB=XPR+XPROP 
IF(NPC(1).EQ.O) CALL BREECH (SAVE(4),XB,DT) 
IF(NBC(1).EQ.l) CALL OUTFLO(l,SAVE(4),XB,DT,1.00) 
lF(NPRC.EQ.1) CALL RASEPR(XBBP,JT) 

~~~N~E~~~:~§:?l ~~~t Be¥~L~~~~~~:~~~~r~~~~~~~t!~~~~O>. 
IF (lfR2.F.Q.l) GO Tn 420 
IF (NCJ.EQ.1) Gn TO 390 
IF(NPRC.EQ.l) CALL SIGCHK 
IF(NWFR.NE.0.6.~D.~DRC.EJ.1) CALL V~LCHK 
OLOS=(QORF(l)+QORF(NDIM))*0.500 
NO lt-1L = ND H-1-1 
DO 376 I=2,Nr11"1L 
QLnS=QLOS+QORF (I) 
C tlNTI NlJ[ . 
CLOSS=0LOS*AR*OT*XR*nFLTAX•GLOSS 
PESLSl=RESL~l+(P~SAIP+RESOP)*AB*DT*VPR 
IF. (NPFC.EO.O) CQ TQ 378 · 
RESLS=(U(NDI~l)*QJRF(~DIM1)+U(NJIM2)*QORF(NDI~2) l*J.SDD 
rlOP·'L=fiDI~H+l . 
r,l[) I M R = N D Jr'. 2 - 1 
DO 377 l=~!DIML tH"!'H-
F~F5LS=FfSLS+U( f ):::~nRF( I) 
([H:TT~!IIE: 

~~SLS'=~~SL52-~r~L~*A~*~T*•P~*DELT~X 
(,n lf' . ...,7n 

D~SLS?=~csLs?-PPr?~S*AB*DT*XK~*VPP 



. '1-' 

0 
a-

c ,... 

c 

c ,... 

c 

379 

380 

JF(NBC(2).EQ.O) CALL REFIT (l,NF) 
NSTEP=I'lSTEP+1 
TIME=TIME+DT 

TEST FOR TERMINATION 

IF "(NSTOP.EQ.99999) GO TO 380 
IF (NSTEP.GE.NSTOP) NEXIT=l 
IF (TIME.GE.TSTOP) NEXIT=l 
IFCNBC(2).EQ.l) GO TO 383 
IF (XPR.LT.KSTDP-l.0-3) GO TO 385 
lF ( N M U Z B L • E Q • 0 ) G 0 T 0 3 8 4 
CM=O.DO 
VPR=o.oo 
TlMZ=TAME 
PlMZ=P(l) 
PNMZ=P(NOIM) 
SIGMZ=SIG 
AMACHZ=AMACH 
NSTEPZ=NSTEO 
WRITE (6,885) 
XB=XPR+XIB+KLORJ 
SAVE(4)=XB 
VB=O.DO 
NPRC=O 

383 ~~T~~l)!cT.PBRF> GO TO 385 
384 NEXIT=1 
385 IF (NEXIT.EQ.l) TPRT=TIME 

GO TO 130 
390 NEXIT=1 

TPRT=TIME 

400 

410 

IF (NCJ.NE.1) GO TO 130 
NF =NI 
IF CINT.EQ.O) NF=NP 
00 400 1=1,5 
DT1(J)=SAVE(J) 
PDOT=VP-VPR 
JF(.NPRC.EQ.l) RDnT=VA-GS2(NDIM1tNF)/GSl(~DIMl,NF) 
XBA:XPR-XA+Xl3+~LPPI 
GO TO 130 
CALL EX IT 

PRINT OUT SUM~APY DATA 

4 2 0 IF ( P P t1A X. G T • P S Tl ) r, r. T fJ 4 3 0 
c 
~ SET ~AY. PPE~SJRE TO I~ITlaL CO~DITIDNS 

SH'"t"'AX=PSTI 

,, 



I' 

'430 

PBf"'AX=PSTI 
Pf3R~1AX=PSTI 
PPPAX=PSTI 
A i1PI·1 = 0, D 0 
ZPr~AX=O. DO 
VPr~AX=O. DO 
XPt1.i\X =0. DO 
TPMAX=O.DO 
NSP11AX=O 
A KG PM= PST I::: .4. ~I ( ( PR M + C M I ) ::: 1 0 0 0 • 0 0 ) 
WRITE (6,710) 
HP,ITE (6,470) (JTIT(J),I=l,20) 
WRITE (6,480) VELF,PP~AX,AKGMAX,STMAX 
WRITE (6,720) 
~IRITE (6,770) 
W R I T E ( 6 , 7 8 0 ) T B 0, X P () , VB 0 , I>. I'. G 8 0 , 0 U ~~ , P R R R iJ , P 9 B 0 , S T R B 0, Z , AM B 0 , N S T B 0 
WRITE- (6,73:)) 
~~ P IT E ( 6 , 7 7 0 ) . . 
W~ITE (6p780) TPHAX,XPMAX,VPMAX,AKGDM,PPMAX,PRRMAX,PBMAX,STRMAX, 

1 Z.PMAX,Ar1P~,~SPMAX 
~IRITE (6,740.) 
WRITE (6,770) 
W R I T f ( 6 , 7 R 0 ) T AY , X A t--1 , V P M1 , A KG M A X , DUM , P 8 ~ A M , P B AM , S T R A M , l AM , AM A M , 

1 t·!~.AM 
~~RITE (6,7'10) 
~~ R 1 T E ( 6 , 7 7 0 ) 
WRITE (6,780) TST~,XSTM,VPSTM,ASTMAX,DUM,PBRSTM,P~STM,STMAX,ZSTM, 

1 At..,STt'<,NST'-1 
~IRITE (6,760) 
WRITE (6 770) 
IF (NCC(~).EQ.l) sn TO 43~ 
PH-Il.=P(l) 
P W·l Z = P ( "J D I M ) 
TH1Z=TAME 
S I G t-1 Z = S I C 
AMAC:HZ=Ar-IACH 
NSTfPZ=NSTJ:P 

435 WRITE (6,7RO) TlMz,xo~,VELF,hKG,DUM,PIMZ,P~~Z,SIG~Z,Z,A~ACHZ, 
::: r-!STFPZ 

\·I.P I T F ( h , 7 Vt ) 
Hr::I1E(6,77n) 
WRITf(6,7dO) TP~MX,~PPMX,VPP. MXrAKGPMX,OU~,pp~D~X,tiBPMX,STRPMX, 

::~ lPhX, J .. \t,PMX ,NPMX 
I.<JR I H ( f,, 7 6h) 
H'?IH(f.,,770) 

.. Y R I T F ( (. , 7 P 0 ) T P P t,1 Y l H• P t ~ Y , V ~· PM Y , t\ K G P 1-1 Y , flU '-'1 , D P D D "1 Y , P 9 P "1 Y , S T R P M Y , 

.,.. ?PI<Y, .r·'P'1Y, ~lP"'lY 
~ JT~((,~SQ) ~T~~L,(TOFLN,~TD~L,ETD~LM,OLnSS,~ESLSl,RESLS2 
~' t T G F = ') '1 9 fl ~ 

( t r 0 r.: K • E () • l • '1 R • '·J f': S V • f.; ::, • ?• ) ~~ r? I T E ( ;:~. ) N f ~>J D J F 



...,.. 
0 
00 

c 
~ SWITCHES FO~ VARYING Ct~ PARAMETRICALLY 

C· c c· 

I F ( NP A R • E 0. 0) G 0 T 0 2 0 
NPR=NPR+1 
IF (NPR.EQ.~PAR+1) GO TO 20 
NDSKIO=NDSKJD+1 
GO TO 60 . 

440 WRITE (6,510) 
GO TO 420 

450 FORMAT (20A4) 
460 FORMAT (1H1 1 10X.,42HSIMULATION OF END BURNING TRAVELING CHARGE,lOX, 

120HVERSION \FEB 1 1980)//1X,20A4/) 
470 FORMAT (1X,20A4/) 
480 FORMAT (20X,15HMUZZlf VELOCITY,6X,5H(F/$),3X,F7.0/20X,l6HHAXIMUM P 

. ~~s,~g~~ti~Ai~\~8~)~l~~~~:~~~g~f~~~~~f~~~~-~~~ELERATJON (K-G),3X,F7 
490 FORMAT\1615) 
495 FORMAT(415f6F10.0) 
500 FORMAT (BF 0.01 
510 FORMAT (31H NEG. SQUARE ROOT ERROR IN BAR4) 
520 FORMAT(10X,12HCONTROL DATA// 

*4jH IDEAL BURN RATE LAW . 
*4 H CONTINUUM MODEL OF UNREACTEO PROPELLANT 
*4 H PRINT OPTION 
¢42H DISC READ/WRITE PARAMETER 
*42H PROBLEM IJ FOR DISC READ/WRITE 
*42H INTEGRATION STEP FOR DISC RESTART 
*42H NUMBER OF PARAMETRIC CASES 
*42H NUMBER OF BURN RATE PARAMETERS 
*42H PROPELLANT WALL FRICTION PARAMETER 
*42H NUMBER OF ENTRIES IN PROJECTILE BORE 
*42H RESISTANCE TABLE 
*42H INDICATQR FOR AIR ~ESISTANCE 
*42H NUMBER OF ENTRifS IN OBTURATOR FRICTION 
*42H TABLE 
*42H WALL HEAT LnSS OPTIO~ 
042H TUBE BLOW-DOWN OPTION 
*42H RECOILLESS TUBE OPTION 

525 FORMAT(5X,22HINTEGPATION PARAMETERS// 
*42H MAXIMUM NUMBER OF STEPS 
*42H MAXIMUM NUMBER QF MESH POINTS 
*42H FIRST CYCLE TJ BE P~INTED WITH AXIAL 
*42H DISTPIPUTION 
*42H LAST CV:LE TO ~E PRI~TED WITH AXIAL 
':'4?.i-l !llSH'IP.UTifm 
*42H TIME STE° FCP LrGJUT CYCLE (MSEC) 

.15/ 
,15/ 
,15/ 
,15/ 
,}5/ 
,15/ 
,15/ 
.15/ 
,15/ 
I 
,15/ 
, I 5 I 
I 
.15/ 
, I 5 I 
,15/ 
,}5//) 

,15/ 
,Y5/ 
I 
,15/ 
I 
,Y5/ 
,Fl0.4/ 



...... 
0 
ID 

,, r, ,,, I ,. 

*42H PROBLEM-TERMINATION TIME (M5~t> ,F10.3/ 
:::42H MAXIMUM PROJECTILE TRAVEL (INS) ,Fl0.31 
¢42H STABILITY SAF~TY FACTOR ,Fl0.31 
*42H MINIMUM MESH SIZE (INS) - ,F10.311) 

5 3 0 F 0 R M A T ( 11 X , 3 7 H TUB F , P R 0 J E C T I L E A N 0 CHAR G E P R 0 PER T I E S I I 4 2 H B 0 R E D I A 
lMETER (INS) ,Fl0.3142H INITIAL POSITION OF RE 
2AR FACf: OF ,142H PROPELLANT (INS) 
3,FI0.3/42H PRJJ[CTILE MASS (LBM) fF10.5142H CHA 
4F:GE ~1/I.SS (LRM) ,F10.3142H INI IAL PRESSURE 
5(PSI) ,Fl0.0141H MAXIMUM PRESSURE IN UNREACTED P 
6POPELLA.NT,/4.2H (PSI), IF IDFAL=2 fFlO.OI42H 
7 MAXIMUM M~CH NUMBER OF REACTION PRODUCTS ,Fl0.3/42H MAX MUM ACCEL 
AERATION OF DRJJECTILE(GRAV) ,F1~.0142H CIM 
9 . ,F10.2142H CHAMBER VOLUr1E ( IN':<:::3) 
A,Fl0.5/42H UH,DHIG OENSITY(LAIJN:;::;q) ,F?-.5/42H SHOT 
B-START PRESSU~E (PSI) ,FlO.OII) 

540 FOPMAT (11X,24HPROPEPTIES OF PROPELLANTI/42H RATIO OF SPECIFIC HEA 
ITS (-) . ,Fl0.3142H COVOLUME (JN**31LBM) 
2 ,F10.3142H MOLECULAR HEIGHT (LBMILBMOL) ,Fl0.314 
33H CHEMICAL ENERGY nF. PROPELLANT (LBF-INILP~),F10.0142H DENSITY OF 
4 PROPELLANT (LBMIIN**3) ,Fl0.4/42H 8URNING ~ATE ADDITIVE CO 
5NSTANT. (INIS.EC) ,F10(4142H AUR~ING PATE PRE-EXPONENTIAL FACTOR 
6. 14.?1! l'J/S~C-PSJ:::08N) Fl0.6/42H BURNIN 
7G PATE ~XPONE~T (-) . ,F10·4142H TC tRAIN LENGTH (IN) 
P · ,F10.3/42H LENGTH BREECH TO PROJECTILE BASf ( 
9IN) F10.3//) 

5 5 0 F 0 R ~i A T t 1 H 1 ) 
560 FORMAT (lHO,lOX,16HSOLUTION AT STFP,I5,5X,12HTIME(MSEC) =,F7.31/50 

1H PPOJFCTIU: T~AVEL(P.I5) ,Fl0.3150H PROJ 
2fCTILE VELOCITY(INSISEC) ,Fl0.0150H UNREACTED 
3PROPFLLANT ~ASS(L3M) ,F10.4/50H POSITION OF PROP 
4ELLANT BOUNDAPY(JNS) ,F10.3/50H VELOCITY OF PROPELLANT 
s:; '30U~J0ARY(lNC:/S':C) ,F10.0/50H PROPF:LLANT RrGRESSION RATE(! 
6NSISEC) ,F10.2/50H STQESS D~ UNREACTEJ SIDE OF FLAME( 
7PSI) . ,~10.0/50H MACH NUMBER OF REACTION PRODUCTS(-) 
B 1 F10.31 
*50H PROJE~TIL~ AC:ELE~ATION (KG) . ,Fl0.31 
:;: 50 H P E S I STAN C F 0 UE T D S H 0 c; KED A I R ( P S I ) , F 1 0 • 0 I 
:;:i)QH RESISTANCE Ollt Tn flP.TURATOP (PSI) ,FlO•O/) 

570 FORr~IIT (11X,l'iHTr1TI\L,6X:,3HGAS,3X,19HUNPUPNED PROPELLANTilOH MASS(LB 
l):,F~?,.4,1X,Fn..4,6X,FR.4/) . . 

580 FORMAT (20X~5HTOTAL,AX,9HINTERNALt2X,l1HGAS KINETICflXrl3HUNBURNT 
1PROP.tlXt17HCHf tJN8URNT PP.OP.,1X.~-~HKE,2X,13HPROJECT LE KE11X,l4HEN 
2ERGY(IN-LB):~3E12.6,3XiE12.6,6Xpt12.6,5X,E12.612X,l3H% ENERGY·: 
3, 3(4.X,F7.2), r'l. ,F7.2 ,?.( OX ,F7.?.) 1 

590 FORMAT (40X,32HOISTRIAUTIONS nF STATE VARIABLfS/140H POSITION DENS 
1 I T Y P P. F:: S S U ~ E T F. '1 P F F A T U R E , 4 0 H V E U1 C I T Y K I N E- T fC ENERGY 1 NT ERN A L EN 
2ERGY,3X,4H~A5S/3X,3HINS,4X,fHLB/I~**3,3X,3~~SI,9X,5HDEG-R,6Xt3HIIS 

· 3,6X,5HIN/LR,11X,'5HI~I/LE,lOX 1 2HL3/) · 
600 FUpMAT (1X,F7.3,1X,F9.6,1X,~9.0,2X,F6.n,4X,F9.1,1X,El2.6,4X,El2.6, 



.... .... 
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13X,F9.6) 
601 FORMAT(lXtF7.3,Fl0.6,1X,F9.0,12XrF9.1) 
610 FORMAT C7~X,21(1H*)~BHC ENERGYtl8ClH*)/3Xt4HTIMEl3X~12HTRAVEL VEL 

l.t2Xt6HACCEL.,3X1 15HPRESSURE (KPSI) ,7X,lHZ,6Xt2H~B,~XtlHRt5X,l4HMl 
2CH INTERNAL,4X,jHGAS,4X,27HUNBJRNT UNBURNT P~OJECTILE,lX,4HSTEP/ 
34X,2HMSl6X,2HINf4X,3HF/S,4X,3HK-G 1 3X,6HBPEECH,2X,4HBASE,3Xf6HSTRES 
4SlOX,2H N,6X 1 3H /S,20X 7HKINETIC zX,25HCHE~ICAL KINETIC K NETIC/) 

620 FORMAT (lX,Fr.2,F9.2,F~.O,F7.1,2~7•2rFB.2,F6.3,F7.l,FS.O,F7.3,5(1X 
l,F8.3),2X,I5) . . 

630 FORMAT C5H. TIME,4X,6HTRAVEL 1 2X,BHVELOCITY,2X,43H-----------------­
l--ENERGY(IN-LB)----------,3bH---------------------¢***** ~ENERGY 
21BH******************I4H MS,7X,2HIN,7X,3HF/S,5X,5HTOTAL,5X,BHINT~ 
3RNAL,3X,6HGAS KE,6X~7HUBP CHE,4X,6HUBP KEt3Xt7HPROJ.KE,3XtllHTOTAL 
4 INT ,25H GAS KE Ul"\ CE UB KE PR KE/) · 

640 FORMAf (1X~F7.2,F9.2,FB.l,6Gll.5,6F6.1) 
660 FORMAT (54R WA~NI~G. IDEAL CASE REQUIRES STRONG DEFLAGRATION ~AVE) 
670 FORMAT (49H TIME TRAVEL VELOCITY PBREECH P BASE P-MASS,40H 

1 Z XB XBOOT R P-STRESS 13H MACH STEP/) 
6Bo FBRMAT <Ix!~a.3 1_F9.2AFB.l,2FB.otF7.3,F7.4,F7.t.2Fa.o1F9~0tF7.3 1 I&) 
690 F RMAT Cll~t23HvARIA~LE BURN RAE DATA/43H STEP INTtRCtP COE~FIC 
'liENTEXPONE~T l) 

700 FORMAT (lX 1 I3 1 3XfFP.3,1X~Gl2.6tlXtFA.4,2XtF7.4) 710 FORMAT (lHI,2rX, 4HSUMMA!<Y OUTPUT//) 
720 FORMAT (31X,7HP.URNOUT) 
730 FORMAT (27X,l&YMAXIHU~ PRESSURE) 
740 FORMAT C27X,20HMAX1HUM ACCELERATION) 
750 FORMAT (27Xtl4H~AXIMliM STRESS) 
760 FORMAT (32X 6~MUZZLE) 
764 FORMAT(26X,~lHMAX. FORWA~D GRADIENT) 
766 FORMAf(26Xt21HMAX. REVERSE GRADIENT) 
770 FORMA (3Xa.4HTI~E,3Xt22HTRAVEL VELOCITY ACCEL,JX,70H-),14HPRESSU 

IRE (PSI),l~(lH-),3X,lHZl5XJ10HMACH NSTEP/4Xt2HMS,6X,2HINJ5X,3HF/S, 
26Xt2HKG,4Xt21HMAXIMUM BKEELH BASE,4X,6HSTRESS,llX 2HNO 

780 FORMAT ClX,F7.2tF8.2flX,FB~lfF8.2f3F8.0,F9.0,F7.4,F~.4JI5/) 
790 FORMAT(22H ~ESTART W TH ND~K 0 =, lOtllH A~D NOSK =tllUt 

¢20H FllLS. TE~MINATIN~.) 
800 FORMAT( 

*42H COMPRESSION WAVF .SPEED IN PROPELLANT 
*42H . (IN/SEC) 
*42H EXPANSin~ WAVF SPFED IN PROPELLANT 
042H (IN/SEC) 

I 
,FlO.O/ 
I 
,FlO.O//) 

810 FORMAT( 
•:'42H VISCOSITY OF UIRRICA.TING FILM I 
t.:42H CUlM/IN-SEC) ,El0.3/ 
:::4?P THJCKNE<;S nF LIJFRICAT lNG FlU" (INS) ,Fl0.4//) 

820 FrP~AT(lHO, ~X,36HFPICTION RETWEEN PROPELLANT AND TUBE// 
044~ VFL~~ITY FPICTIO~ COEFFICifNT/ 
:::t•td! (l\J/SE:> (-) I 
.::: ( 1 H ' F 1 ') • 1 ,} 0 f. I F }:') • 3 )) 

l-\3r.' F[lP!·iAT(lHO, qX,3'SHRfSISTIV~ PRESSU'F DUE Tel 03TURATOR// 



,, ... ,• 

¢44H T~AV~L 
*44H (INS) 

RESISTIVE PP~SSURE I 

. :;: ( HI t F 15 , 3 tl 0 X , F 1 0 , ()) ) 
84 0 FORt·l,~:~ T ( 

(PSt) - I 

042H RATIO OF SDfCIFIC HE~TS OF AIR (-) 
::•42H ·PPESSIJP.F. OF AlP IN RAPRfL (PSI) 
*42~ TEMPERATU~F OF AI~ IN BARREL (OEG,P) 
*42H MJLECULA~ WFIGHT OF AlP IN ~APRfL 
*42H (LBMILP~OL) 

8 4 5 F 0 R t-1 /1 T ( 

,Fl0.41 
,Fl0,31 
,Fl0,11 
I 
,Fl0.411) 

':'42H MASS OF P~OJECT ILE AHEAD OF OHTURATOR I 
*42H (LPM) ,F10,51 
*42H LENGTH 0~ DPTURATOP (INS) ,Fl0,31 
*42H POISSON RATIO OF 0 RCJFCTILE (-) ,F10,311 
t,: 8X,35HFRICTIJ~ RE1~1f.fN Qe,TURATOP ANO TUP.EII 
*44H VELOCITY FRICTIO~ CGFFFICIENTI 
1.:44H (l'li'3FC:) (-) I 
*ClH ,FI5,l,IOX,Fl8.3)) 

pr:;. 0 FORMAT ( 
*4?H. T[MDERATU~~ nc TU3E WALL (DEG~~) 
:;:42H CCEFFICif.r!T IN HLAT TR.MiSFEF; Ul?~ELATION 
*42H Yl5C05lTY JF S~S (L8MIIN-SEC) 
':' 4 2 H P ~ A WH L ~IJ '-18 r ~ fJ F G A S ( - ) 

860 F(lH""AT( 
~: 4 2 fl f' L (H D r;w "l r E R"' I N f. TI 0 N r.> F r S SU ~ E ( PSI ) 
*42H OISCHARGE CDEFF·ICIENT FOR MUZZLE (-) 

870 F(lRt·1AT ( 

,FlO.ll 
,Fl0,4/ 
,El0,31 
,F10.3/I) 

,FlO.l/ 
,F10.3/I) 

*42H THRJAT ARE~ nF PREECH NGZZLE (IN**2) ,FI0.4/ 
':'42H DISCt-Jt,PG?. CnEFFICIE'JT CJF BR':ECH NOZZLE(-),Fl0,31 
::'42H ~.UPTURI= 0 ?ESSU;<:f FOR P.:<:EECH DIAPHRAG~ I 
*42H . · . (PSI) .FlO.lll) 

880 FDP~AT(lH0,24X,21HGLGP6L BALAMCE CH~CKSI 
*?OX,2DHFJNAL ~ASS QfF~CT(~) ,4X,Fl0,3/ 
~20X,?2HMAXI~U~ MA~S DEFECT(~),2X,Fl0,31 
~ZOX,L?HFINAL ENERJY DEFECT(~),2X,Fl0,31 
::=20Y,2 1+H-.,A.'<.I..,U'-1 l:rlERCY DfFECT(:;;:} ,F10.3111 
':'20X, 1 f0Tft.L HF6T LJSS TO TUB[- (L3F-IN) 1 ,FlO,GI 
:::2 0 X , 1 lr' S 5 !) U E T [l P R 0 .J F C T I L E R E S 1 STAN C [ ( L B F- IN ) 1 , F 1 0. 0 I 
~:?C·Y, 'L!'SS fJUE Tn ppnr-c::LLHH ~TSISTA'KE (L(l.l=-1~}' jFlO.J/) 

FP.'5 FOPr·if•T(' t1UZZLE r:XIT Ht•S ~KCUPR:;D, PRfJCEEOING w TH BLOWDOWN', 
1 '/•NliLYSIS•) 

f- N[: 

"' 



...... 

...... 
N 

c 
c 
c c 
c 

c 

c 

SUB PO UTI NE 8 A~ 1 

INITIALIZES C1MPUTATIONAL ARRAYS· THIS ROUTINE MUST BE CALLED 
AT OUTSET OF INTEGRATION PROCEDURE. 

IMPLICIT REAL*~(A-H,O-Z) 
REAL*B MDL, MACH 

CBMMBN /BARA/ GS1(100,3)~ GS2(100t3), GS3(10013) 
C MM N /BARC/ NOT, Nl, N~ NP IN , NDIM, MAXuiM 
CGMMON /BARE/ GAM, BV, MO[, E~HEM, ~HOP, 81(20), 82(20), BNC20), 

1 CV, ZRC20) 
CDMt-10N /BARF/ XPR, VP~, CMt XB, VB, AB, PRM, ROOT, SIG, SSTART 

~B=~g~ ~~:=~~ ~S~:~~b~~0f~E~~:~~l~A:~~~~i1o>,AMuc1o>,oe, 
* B~X(10),BRC10) tAIRGAMtAIRPO,AIRTO,AIRMW,TWALO, 
* /BARI/P2~~~C2~~~~t~~~~~~1~~~9~~~~tl~~(~~~Q~

2
) 

~8~~8~ /BA~CJ2/ PSff SIGMAX, MA:H, APMAX, XI1, XI2, NCJ, IDEAL 
COMMON /BRVA~/ XLPP , XPROP,NBR 
DATA G /386.1600/ 

NDT=O 
DO 10 1=1,qoo 

10 GS1CI11)=0.DD 
CALL KEFIT (0,1) 
IF CCM.GT.O.OO.AND.IOEAL.EO.O) GO TO 30 
IF CCM.GT.O.DO.AND.IOEAL.EQ.2) GO TO 80 

20 RHOST=1.DO/(~V+(GAM-1.DO)*ECHEM/PST) 
DUB=O.OO 
fSTA=f:CHU1 
SIG=PST 
RDOT=O.DO 
GO TO '50 

30 CALL BURN (PST ,ROOT ,RDQTP~) 
Xl=2.00*G/RD1TO(PST/RHDP*GAM/(GAM-l·DO)-RODT*RDDT/G) 
X2=RDOT*RDOT-2.DO*G*CECHEM+BV*PST/CGAM-1.00)+PST/RHOP) 
X3=Xl*X1-4.DO*X2 . 
IF (X3.LT.0.00) GO TO 70 
X3=DSQPTCX3) 
IF (Xl.LT.O.DO) X3=-X3 
X3=(-Xl+X3)*0·5r0 
U8=?DfJT+VPR-X3 
RH~ST=PDOT*~YJP/X3 
GCI TCI 105 

40 FSTA=PST*(1.00-GV¢PHOST)/PHrSJ/(GA~-l.DO) 
S I G = r S T + R H 1J '=' I :; =:: r:- 0 1 T t.: P I 'J T =:: ( '< H 0 P I :0: H [: S T -1 • 0 ') ) 
r~!_IP =Ui>./rJFU14 T ( ',fD I~-1) 

5n :. =PH::::ST:::XP 

.. 



c ,.. 
c 

,, 

D060J=l,3 
DO 60 I=l,NDI"1 

g~~~l~i{if-l)COUR 
r.s2< L,J)=A:::£3 

bO GS3~1£J}=A*CESTA+S*P*J.5DO/G) 
vp =~:OuT 
IFWPRC.EQ.1) Rf:.TUPf! 

OISTR1RUTIONS IN CONTINUUM PROPELLANT 
. . 

IF(~WFP.GT.1) GO TO 62 
h= RNfH-1( S I G) 
XLPPI=CM/A/AR 
XPPOP=XLPRI+X~ 
XRB=XLPRI 
DO ()1 J=l ,3 
D 0 6 1 1 = rW I ~H , N Q I "'~ 2 
GSl(I,J)=A . 
GS3(I,J)=S!G . 

61 CONTINUE 
RETURN 

62 I H:R=O 
S U 1-~ A = C: t-' I A R 
XBBL=O.OO 
XP.P.H=XPB 

63 XB~=n,500*(XRBL+X~PH) 
AIT=-4,DO/O~*ft"1U(l}*DELTBX*XBB 
StP':= 0, [l0 
DO 65 l=Nni..,l,~~l~? 
S I G J J = S I C :;: 0 r- X P ( o. IT ::: [J F L [1 f, T ( 1 - ~ !0 I ~ 1 ) ) . 
GS?(I,l)=S!GIJ 
R1J=DNGM( STG!J) 
GSl(l,l)=RIJ 
FAC=l.DO 
IF((l-NDIM1}*(1-N~IM2).EQ.0) FA:=0.~80 
SUI~= SUI"'+ P I J ::: F A C 

65 CONTI~UE . . 
SUI-1= SUH:OEL F\ X 
lFCOAA~(SUM-SJMA/XAP).LT.l.G-0) GO TO ~R 
IT~Y=JTER+l· 

IF(Il~P_.LT.S-1) Gn TG l;,f. 
\-!P.lT \6 1 120) 
CALL EXIT 

~~ IF(SUM.GT.SU~A/XBB) CO TC 67 
X!?·P.L=YFB 
r;~ TC 6?· 

,) 7 X 1.: I q~ = y [' p, 
r.n H' r~ 

6 P r n f, c; .J = 2 , 3 

f•. ,. 



c 
c ,.. ... 

DO 69 I=NDIK1fNOI~2 
GSl(I,J)=GS1( ,1) 
GS3(I,J)=GS3(I,1) 

69 CONTINUE . 
XLPR I =XBB 
XPROP=XLPRI+XB 
RETURN 

70 WRITE (6,110) 
CAll EXIT 

80 TESTl=SIGMAX 
IF (APMAX.LT.l.0-10) GO TO 90 

------- ~ ~~ -

f~~~l!~=~~~!~C~A~~=~,::!lESTlA+AFAX*APMAX*G 
IF ~SIGMAX.LT.1.0-10) GO TO 90 
IF- SIGMAX.LT.TEST1) TESTl=SIGMAX 

90 IF. PST.GE.TESTl-1.0-10) GO TO 20 
BIT=G/RHOP/RHOP/2.00 
NWAY=1 
BIT=G/RHOP/RHQP/2.00 
BIT=BIT*(TEST1-PST)*(TESTl+(GAM+l.OO)/(GAM-1.00)*PST) 
BIT=BIT/(ECHEM+(BV-1.00/RHOP)*PST/(GAM-1.00)) 
RHBST=RHOP/(l.DO+(TEST1-PST)*G/RH0P/AIT) 

100 RO T=DSQRHBIT) · 
UB=ROOT*(1.00-RHOP/RHOST) 
IF (NWAY.EQ.2) GO TO 40 

CHECK MACH NUMBER 

105 IF (MACH.LT.t.0-10) GO TO 40 
PITM=DABS(U8-ROQT)/DSQRT(G*GAM*PST/RHOST/(1.DO-BV*RHOST)) 
IF (BITMoLE.~~CH) GO TB 40 
IF (MACH.LT.1.00) GOT 107 
BITN=ECHEM+TEST1/RHOP-BV*PST/(GAM-1.00)*(1.DO+(GAM-1.00)*GAM*MACH 

1 *HACH) 
BITNN=f"'HOP*BV 
BITNN=BITNNOBITNN-1.00 
BITL=BITNN*(GA~*PST*MACH/RHOP)**2*(MACH*~ACH+2.DO/(GAM-1.00)) 

106 OIS=BITN*BITN-BITL 
IF (OI~.LT.O.O~) GO TO 70 
BIT=(BITN-DSQ~T(OIS))OG/BITNN 
RHOST=1.DO/(BV+GA~*MACH*MACH*G*PST/RHOP/RHOP/BIT) · 
NHAY=2 
GO TO 100 

107 BITNN=1.00-BV*RHOP 
BITMM=1.DO+~A~*MACHOMACH 
BITN=ECHEM+CITNN*BTTM~*PST/RHOP 
BlTL=31TNN*~A~OPST*MACH/RH~P 
BITL=2.D0/(GA~-1.00)*8ITL*BITL*(1.00+(GA~-1.00)/2.DO*MACH*MACH) 
PITNN=PlTNNOBITNN 
r;o TO 106 



c 

------

c. 

110 FORMAT (43H NEGATIVE QJSCRIMINA~T IN BAR1. TER~INATING) 
120 FOPMAT(53H EXCESSIVE ITERATIONS TO DETERMINE PROPELLANT LENGTH.) 

HW 

,. 



c 
E 
c c 

c 

c 

SUBROUTINE BAR2 (I,J,K,XBP) 

TRANSFORMS COMPUTATIONAL ARRAYS FOR LEVEL K INTO CUSTOMARY 
STATE VARIABLES FOR MESH RANGE I TO J 
ARGUMENT XBP IS THf POSITION OF THE PROPELLANT AT LEVEL K. 

IMPLICIT REAL¢9(A-H,O-Z) 
REALCA MOL 
~8~=8~ ~8:~~~ i~~II88J~>&,fg~J! 0ft?A&,~sJil88r

3

1 >ucioo>. erAc1oo1 
COMMON /BARC/ NOT, NI, NF, NP1 INT, NOlM, MAXO M 
COMMON /BARE/ GAM, BV, MOLt ELHEM, RHOP, 81(20), B2(20), 8N(20), 

1 CV, Z~(20) 
COMMON /BARG/ XBB,OfLT8X,NPPC,NOIMl,NOIM2 
OATA G /386.1600/ 

II :::I 
JJ=J 
IF(I,GT.NDIM) GO TO 15 
IF(J,GT.NDIM) JJ=NDIM 

2~ol~J~G~It~ K>IXBP 
U(L)=GS2(L,KJ/GS1(L,K) 

~~~l~1~~~~~~~6r~~~5t~l;~~~~~V1:~~~8~~2~8<L>> 
1 0 .T( L ) =E ( l ) /C V 

IP(J,LE.NDIM) RETURN 
Il=NDIMl 
JJ=J 

15 IFCNPRC.EQ.O) GO TO 20 

~2ol~)~G!ltt~<) 
U(L)=GS2(L,K) 

16 P ( L ) =G $3 ( L, K ) 
RETURN 

20 WRITE (6f30) J,J,NOJM 
CALL EXI 

30 F9RMAT (40H BAR2 CALLED ~ITH ILLEGAL ARGUMENTS, I =,Il0,4H J :::,110 
1~ H NOIM =,Il~,12Y Tf~MlNATING) 

t.NO 

.. 
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c 
c 
c 
t 
c c 
c 
c 

c 

,, ... ,, 

SUBROUTINE BAP3 (JNT,XBP,VBP,XBBP,V~BP,OT) 

UPDATES COM 0 UTATIJNAL ARRAYS USING A TWO-LEVEL EXPLICIT 
~APCHING SCHEME. ROUTINE MUST BE CALLED TWICE PER UPDATE 
CYCLE, ONCE WITH JNT = 1 (PREDICTOR STEP) AND THEN WITH JNT 
= 0· CCO~RECTOR STEP). flNLY THE INTERIOR ~1ESH POINT VALUES ARE 
lJPOATED; THE BOUNDARY VALUES fi.RE T~EATED EXTERNALLY. 
ARGUMENTS XBP ANO VBP ARE THE PJSITION AND VELOCITY OF THE 
PPOPELLANT AT THF. PPESfNT LEVEL. 
ARGUMENT XA~o IS THE LENGTH OF THE PROPELLANT AT THE PRESENT 
~~l~~E~~

0
ola~~ l~ET~~M~E~Y~~T~V~~ ~~~C~R9~~t1~t5tiON IS BEING 

INCREMENTED. 

IMPLICIT REAL*9CA-H,O-Z) 

(fJt-I~WN /BARA/ GS1(100,3), GS2(100,3), GS3(100,3) 
COMMON /BAR~/ ~HO(lOO), D(100)t E(100)t T(100)f U(lOO), ETA(lOO) 
COHMON /BARC/ NDT 1 tll 1 NF, NP, INT, NOtM, MAXO M 
COMMON /BAPD/ OXMtN, uELTAX 
COMMON /BARG/ XBB,nELTBX,NPRC,NDIM1,NOIM2 
COMMON /BAPI/ ~WFRtNR~ESl~NBRE52,NHTW,NMJZBL,NBRV 
cm~I-10N /RARJ/ QORF 100) ,p .PRES 

DIMENSION GS(100,3,3) 
EQUIVALENCE (GS(1,1,1),GS1(1tl)) 
DATA G /386.1600/ 

NJ=MDO(NOT,3)+1 
~lF=MOD(NOT+l ,3)+1 
NP =r-iCO CNDT+2, 3) +1 
t-ID 1 Mt_,= t!D 1 H 
IF(NPRC.EQ.1) ~ni~M=N~I~2 
I tH = ~1Q 0 C N D T + 1 , 2 ) 
DQ 5 1=1,N01"1~ 

~; QORF(J)=O.DO 
CALL BA~2 (1 ,NOIM"1,Nl,XBP) 
IF(NWFP.NE.O.ANO.NPPC.FQ.1) CALL WFR 
IF(NHHI.NE.O) C/lLL HTW 
0 0 1 0 I = 1 , ~·l C1 T V. 

1G FTAC I )=U (I )·<1;:Lrlf..T ( 1-1 ):::VBP:::OEL T/•.X 
DX=OFL TAX:::Xf>D 
OELTX=DEL TAX 
IL=2 
IR=NCit1-1 
IF(NPRC.Eo.n) GG Tn 1~ 
D 0 1 4 1 = ~lD I "'11 'W 111. ? . 

14 FTA(I)=J(l)-(~~LrAT(l-\Dl~l)*OfLT~X*(V~~P-V3P)+VRP) 
1~ IF (INT.EO.O) GG Tn ?~ 

IP=l 



...... .... 
00 
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~ 

c 

c ,.. 
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IH=O 
GO TO 25 

20 IP=O 
IM =1 

25 00 70 I=IL IR 
IFCJ~GT.NDf~) GO TO 26 

l~~l!l~ 
G S 1 ( I , NF ) = ( G 51 ( I 1, N I)* ETA ( I 1) -G S 1 ( I 2 t N I ) *ETA ( I 2) ) I 0 X 
G S 2 ( I r N F ) = ( G S 2 ( I 1 f N I ) * E T A ( I 1) - G S 2 ( I 2 , N I ) * E T A ( I 2 ) ) /0 X+ 

*(P(I1J-P(I2l)/0EL X*G 
GS3(1fNF)=(GS3CI1lNI)*ETA(IJ)-GS3(12,NI)*ETACI2) )/OX+(P(Il)*U(Il) 

1 -P( 2)*U(I2) J/DtLT~.X-QORF(l)*XBP 
GO TO 35. 

26 X=RHO( I) 
JL .. I 

32 

33 
34 
35 

40 

')() 
60 
70 

IFCETA(I).GT.D.OO) JL=I-1 
JR =JL+ 1 
XD=-X*(U(I+l)-U(I-1))/DXZ 
GSl(ILNF)=-ETA(I}*(RHO(JR)-RHO(JL))/OX+XD 
AP=DSuR(X,XO,P(I}) 
GS3(I(NF)=-ETAti)*lP(JR)-p(JL))/OX+AP*AP/G*XO 
DPOX= P(I-1)-p I+1 }/DX2 
I F ( 0 A B S ( Q OR F ( I ) • L • 1 • 0 ~ 1 0 ) G 0 T 0 3 4 

.IFCDABS(U(l}}.GT.l.D-3) GO TO 33 

CHECK FOR LOC(ING DUE TO FRICTION 

IFCDPOX.GT.O.OO) GO TO 32 
DPOX=DPDX-QOR~(I) 
IF(DPOX.GT.D.JO) ~PDX=O.DO 
GO TO 34 
DPDX=DPDX+OOR=(I) 
IF(OPDX.LT.O.OO) DPDX=O.DO 
GO TO 34 
DPOX=OPDX+OJ~C(I} 
GS2CltNF)=-ETA(I)*(U(JR)-U(JL))/0X+G*DPDX/X 
IF (INT.EO.O) GO TO 5~ . 
PREDICTOR STI:::o 

DO 40 K=1,3 
GS(I&NF 1 K)=GSCI,NI,K)+GS(I,NF,K)*DT 
GO Tu 7rJ 

COPRECTOR ST':P 

r~rJ 60 1"=1,3 
G-; ( I , ~IF , K ) = 0 • 5 [) 0::: ( r, ~ ( I , Np , K ) + G S ( I , t>J 1 , K) + S S ( J , N F, K ) * DT ) 
COtHINUE 



...... . ...... 
10 

IF(NPRC.EQ.O.J~.I~.GT.NOIM) GO TO PO 
IL=NDIMl+l 
I'R=NDIMZ-1 
OX=DEL TgX:~xpqP 
OX2=2. DO::=nX 
GO .TO 2'> 

130 WH=NDT+l 
RFTURN 
E. NO 

(• 
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SUBROUTINE BAR4 CTSET,XBtXBB,SAFE,IER) 

COURANT STABILITY CONDITION FOR FLOW. 
TSET IS THE MAXIMUM VALUE WHICH THE TIME STEP MAY HAVE FOR 
STA8LE INTEGRATION OF THE BALANCE EQUATIONS FOR THE FLOW. 
ARGUMENT XB IS THE PRESENT VALUE OF THE GAS/PROPELLANT 
INTERFACE AND XBA IS THE PRESENT LENGTH QF THE PROPELLANT. 
ARGU~ENT SAFE IS A VALUE LARGER THAN ONE AND IS USED TO RESTRICT 
THE TIME STEP MORE STRINGENTLY THAN THE BASIC COURANT CONDITION. 

IMPLICIT REAl*B(A-H,0-1) 
REAL*8 MOL 
CBMMON /BARB/ RHO(lOO), P(lOO), EC100) 1 T(100)f U(100), ETA(100) 
C MMON /BARC/ NDTJ NI 1 NF, NP, INT, NDIM, MAXD M 
COMMON /BARD/ DXM N, uELTAX 
COMMON /BARE/ GAM, BV, MOL, ECHEM, RHOP, BU20), 82(20), BN(ZO), 

1 C V ZR ( 20) 
COMM~N /BARG/ Y8B,DELTBX,NPRC,NDIM1,NDIM2 
DATA G /386.1600/ 
TSET=O.DO 
DO 10 I=1,NDPt 
TCON=(GAM*G*P(l)/RHO(l)/(1.00-BV*RHO(l))) 
IF (TCON.LT.O.DO) GO TO 20 
C=OSQRT( GAM*G*P (I) /RHO (I)/( 1. DO-BV*RHO( I))) 
BIT=DAAS(U(J )-ETA( I) )+C 
IF CBIT.GT.TSET) TSET=BIT 

10 CONTINUE 
TSET=XB*DELTAX/TSET/SAFE 
IF(NPRC.EQ.O) RETURN 
TSETl=O.OO 
~~=B§D~(~~A~}J~~!~~~P<I>> 
APA=DSDRCRHO(IJ,-l.uO,P(I)) 
IF(APA.GT.AP) AP=APA 
BIT=DABS(UC I )-ETA( I)) +AP 
IF(BIT.GT.TSET1) TSFT1=BIT 

15 CONTINUf: 
TSETl=XBB*DFLTBX/TSfT1/SAFE 
IF ( T SE T1 • LT. T SET ) T SET ::: T SET 1 
RETURN . 

20 I=1 
I EP =1 
PfTURN 
!?"J[l 
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SURPCUTINF PASt (XPP,XeF,XBBP,OT,IER) 

UPDATES BGUNnAQY VALUES AT GAS/PROPELLANT INTERFACE 

ARGUMENTS XSP ~NO XPF ARE RfSPE:TIVELY TKE POSITIONS OF THE 
INTERFACE AT THE PPFSFlNT AND FUTUP~ LEVFLS. ARGUMENT DT IS 
THE 'TI!~E STEP DVE~ \-lH CH THE SOLUTifJN 15 !?.I=;ING UPDATED. 
ARGUMENT XB~P IS THF LENGTH OF THE PRQPELLAMT AT THE PRESE~T LEVEL 
IMPLICIT RFAL*B(A-H,O-Z) 
REAL*R MOL, MACH 

COMMON IBARA/ GS1(100,3), GS2(100,3), GS3(100 3) 
C0Mt-10N /BARB/ PHO(lOO), P(lOO), E(lOO)f T(lOO~f U(lOO), ETA(100) 
C:rJt.:MON /BAPC/. NOT, NI, NF, NP, INT, NOM, MAX6 M 
COMMON /BARE/ GAM, BV, ~OL, ECHEM, RHOP, B1(20), B2(20), BN(20), 

1 CV, ZR ( 20) 
C 0 M t-1 0 N I BAR F I X P P , V P ~ , C t1 , X B , V B , A B , P R M , R D 0 T , S I G , S S T A R T 

~8~~8~ ~~::~~ ~5~:~~~~~~~~r~~~·~~l~~:~~~~~10),AMJ(10),DB, * ~RX(10),B~(10),A RGAM,AIRPO,AIRTO,AIRMW,TWALO, * ~BRF,CDMUZ,ASBR,CDBR,PDIA,CHTW,DRrl0(2) 
COMr-WN /BARCJ2/ PSTi SIGMAX.t.MACH, APt~AX, XI1, XI2t NCJ, IDEAL 
COMMON /BARJ/ ~ORF( OO),PRP~ES 
COMMON /CJCQ/ ICJ 
DATA R, G /18550.00, 366.1600/ 

NCJ==O 
NSUP=O 
JDEAL=O 
I HPP=r· 
VVPP= V PR 
PHQPP=PHOP 
IF(NPPC.EQ.O) SO TO 5 
VVP?.=U(NOIM1) 
CALL CARAC (~DIMl,VVPR,SSIGlDSDV,XRP,X8BPtDT,+1.0~,C,ORH0(1)} 
DIFFB=(VB-VVPR)*DT/X2BP/DELIBX 
01FFA=1.00-0JCFR 
P? = P OlD J!-1 1 ) :::0 I I= F II+ P ( N'O HH + 1 ) :::o IFF 8 
PH02=~HO(NDI~l)¢0IFFh+R~O(~DIM1+1)*0IFFB 
C=O • "iDo::: ( f.+DSG~ ( PHn 2, DRHO ( 1) tP2)) 
czr::.c=::c · 
FHQPP= PHrJl-+ ( SS I G-o 2) :::r, IC 2P 
DRHO(l)=(RHOP~~PHQ2)/DT 

"': I F ( N D T • HJ. 1 ) N ll U T = 0 · 
JF (CM.GT.O.DO) ~1 Tr 20 
IF <NnUT.GE.l~) G1 Tn 60 

f' D 1.1 W~ .~ F Y V A L '.F r; I= P P ~ ~ S U ~ ~ F R (1 "1 5 I . .., n L [ lH V E A N ~ L Y S I S = 0 ~ F I V E 
l"Tq,~f,fln\1 ':V~LFS /IFTE~ 5U::<'NfllJT. 

, .. 



l .· 

,.,;... 
N 

\N 

\" 
'· .... " 

c 

c c 
c 

IF ( NOUT. NE. 0) GO T 0 10 
PST:P(NDIM) ·· 
RHOST=RHOCNOIM) 
UST=UCNDIM) 

10 UNF:rVVPR 
WPR =VVPR -UST 
TP=(l.D0-(G4M-1.00)/2.00*WPR/OSQRTCG*GAM*PST*(l.DO-BV*RHOST)/RHOST 

1 ) ) 

~~F~~St~fpg,~~~o8gGI~,f~~M-1.oo>> 
NOUT=NOUT+1 
RHON~=l.OO/(BV+(PST/PNF)0¢(1.00/GAM)*(1.DO/RHOST-BV)) 
RDOT=O.DO · 
SIG=PNF. 
IF .(PNF.GT •• 05DO*PST) GO TO 200 
NCJ'=1 
~~fo~t,c6,z7o) 

20 IF. UDEAL.NE.l) GO TO 60 
1F (U(NOIM).GT.1.D-10) GO TO 50 

IDEAL BURN RATE LAW (JOEAL=O) 

U.NF=O.OO 
PNF:PST 
BIT~XIZ-VVPR*VVPR/2.00/G 
IF (.BIT.GT.O.OO) GO TO 30 
WRITE 6,250) . 
NCJ=1 
RETURN 

30 RDOT=XI1*VVPR/BJT 
IF(ROOT.LE.1.D-10) GO TO 70 
RHONF=RHOPP*ROOT/(ROOT+VVP~) 
IF (RHONF.LT.1.00/BV) GO TO 40 
IF (MACH.GT.l.D-10) GO TO 50 
WRITE (6,260) 
NCJ= I 
RETURN 

c 
~ CHECK MACH NU~BER OF REACTION PRODUCTS 

40 IF (MACH.LE.l.D-10) GC TO 190 
BITARG=G*GA~*PNF/RHONF/(1.00-BV*RHONF) 
IF(BITA~G.LE.O.OO) GO TO 50 
PJT=DABS(UNF-VVPR-ROOT)/DSQRT(RlTARG) 
IF (BJT.GE.l.JO) ~r T~ 50 
IF (6IT.LE.v.~:~) GO T~ 19q 

50 JOEAL.=l 
60 ITEP=O 



" .• 

. UNF=U(NDIM) . 
IF (CM,LE,O.OO) UNF=VVPR . 
CALL.CARAC (NOIM 1UNF~PNF,XA,XBP,XBBP,OT,-1.DO,C,O.OO) IF (CM.GT.O,OO) GO Tu 80 

70 RDOT=:>,DO 
SIG=PNF 
C=0~5DOO(C+DSQRT(GOGAM*P(NOIM)/RH0(NOIM)/(1,00-BVO~HO(NDIM)))). 
(2:::(:',:( 
RHONF=RHO(NDIM)+G/C20(PNF-P(NDI~)+QORF(NDIM)*(GAM-1.00)/ 

* (1,00-BVORHO(NOIM))oOT) . 
GO. TO 192 

BO YB=PNF-UNFOXA 
90 IF (JDEAL.EQ.O) GO TO 100 

NRBIT=O 
IF(MACH,GE,1.00) GO TO 95 
BIT1=(PNF-YB)/XA-VVPR 
BIT2=1.DO-BV*~HOPO . 
BIT3=4.000BIT20MACHOMACH*GAM*G/RHOPP 
TMP=BIT1**2+BIT30PNF 
IF (THP.LT.O.OO) GO TO 230 
BI T4=DSQRT( TMP) 
RDOT=(BITl+BIT4)/BIT2o0,500 
RDOTPR=(1.00IXA+0,500/81T4*(2.00/XA*BIT1+BIT3))/BIT2*0•500 
GO TO 140 

95 IF(IDEAL,EO,Z) GO TO 96 
NCJ=1 
WRITE(6,240) 
RETURN 

96 RBIT=G/RHOPP*(fEST1-(l.DO+GAHOHACH*MACH)*PNF)/(BV*RHOPP-l.DO) 
IF (PNF.GT.TES 1) PNF=TESTl 
IF(RBJT,GT,Q.OO) GO TO 97 
NRB 1 T=NRB IT+ 1 
PNF=0.95000PNt: 
IF(NRBIT.LT.lO) GO TO 96 
WRITE(6,245) 
RETURN 

97 RDOT=DSQP.T(RBIT) . 
RDOTPR=-0.5000G/P.HOPP/ROOT*(ltDO+GAM0MACH*MACH)/(BVORHOP-1•00). 
PSI=GAM*G*MACHOMACH/RHOPP/~00 /ROOT 
PSI~R=PSI0(1.D0-2.DOOPNF*RDOTPRIRD0T) 
PSI=RHOPPO(BV+PNFOPSI/RHOPP) 
NSIJP= 1 · 
GO TO 14'5 

100 IF (10EAL.EQ.2) GO TO 110 
IF(PNF.GT.O,OJ) G!J TO 1::>5 
IF(MACH.GT,t.0-10) GO TO 50 
NC J= 1 
RE nwr·J 

10~. CALL RURN (PNF,POOT,RDDTPR) 
GO TO 140 

,, 



c c c 
IDEAL CASE (JOEAL=2) 

11 0 I F . ( A P 1.4 A X • L T • 1. D -1 0 ) G 0 T 0 1 2 0 
TEST1A=RESP(XPR,VPR AFAX) 
TEST1=APMAX*(PRM+CMf/AB+TEST1A+AFAX*APMAX*G 
IF (SIGHAX.LT.1.0-16) GO TO 130 
IF (SlGMAX.LT.TEST1) TESTl=SIGMAX 
GO TD 130 

120 TEST1=SIGMAX 
130 BIT1=TESTl+(GAM+l,OO)/(GAM-l.DO)OPNF 

BIT2=XAOVVP~+YB-PNF 
BIT2=BIT2¢0,500/XA/RHOPP 
BIT3=ECHEM+(BV-1.00/RHOPP)OPNF/(GAM-1.00) 
RDOT=BIT1*BIT2/BIT3 
RDOTPR=(GAM+1.00)/(GAM-1.DO)*BIT2/BIT3-BIT1/BIT3*0.5DO/XA/RHOPP 

1 -BIT1*BIT2/91T3/BIT3C(BV-l.OO/RHOPP)/(GAM-1.D0) 
140 CONTINUE . 

IF(ROOT.LE.l.D-10) GO TO 175 
PSI=(VVPR+RDOT-(PNF-YB)/XA) 
PSIPR=(RDOTPR-1.0~/XA)*RDOT-PSI*RDOTPR 
PSI=PSI/RDOT 
PSIPR=PSIPRIRDOT/~DOT 

145 FP1=(GAM/(GAM-1.00)CPSI-I.OO-BV*PHOPP/(GAM-1.00))/RHOPP 
FP2=PSI-1.DO 
FP=PNFOFP1-ECHEM+ROOTOROOT*FP2*FP2/2.00/G 
FPPR=FP1+PNFOGAM/(GAM-1.D0)/RHOPP*PSIPR+~00T*ROOTPROFP2¢FP2/G * +ROOT 

1 *R00TCFP2*PSJPR/G 
IF (0ABS(FP).LT.1.00) GO TO 170 
IF (ITER.LT.50) G!:' TO 150 
HRITE (6,280) 
GO TO 170 

150 PNF=PNF-FP/FPDR 
ITER=ITER+1 
IF {J0EAL.EQ.1) GO TO 90 
GO TO 100 

170 JF (IOEAL.EQ 0) GO TO 180 
F (RDOT.GT.~.OO) GO·TO 1<30 

175 UNF=VVPR 
CALL CARAC (~DIM,UNF,PNF,XA,XBP,XBBP,DT,-1.00,C,0.00) 
GO TO 70 · . 

180 IF(NSUP.EQ.O) GO TO 1~5 
RHONF=PHOPP/PS I 
IJNF=VVPR+(l.DO-PSJ )=~RDCT 
GO TO 1B8 

18~ UNF=(PNF-YB)/X~ 
PHnNF=FOOTORHOPP/(VVPR+RDQT-UNF) 

18R IF (lDflL.N~.l.ANJ,JOEAL.E~.O) ~0 T~ 40 
1en IF(JOEAL.NE.O) GO Tfl 190 



I 

IF(RHONF.LT.0.900/BV.~ND.PNF.GT.O.DO Gn Tn 1~0 
IF(JDEAL.EQ.l) GO TO 190 
IF(MACH.GT.l.D-10.AND.MACH.LT.l.DO) GO TO 50 
WRITE(6,310) . 
RETURN 

190 SIG=PNF+RHOPP*~DOT*RDOT/GO(RHOPP/RHONF-1.00) 
192 IF(NPRC.EQ.O) GO TO 200 · 

DSSIG=SIG-SSIG 
JF(DABS(OSSIG).LT.l.D-3) GO TO 200 
IF(ITEPP.LT.50) GO'TO 195 
H R IT E ( 6, 3 00). 
GO TO 200 · . · 

195 ITERP=ITERP+l 
VVPR=VVPR+DSSIG/DSDV 
RHOPP=RHOPP+DSSIGOG/C2P 
RHOPPP=RNOM(SIG) 
IF(RHOPP.LT.RHOPPP) RHOPP=RHOPPP 
SSIG=SIG 
GO TO 20 

200 ENF=PNF*(l.DO-BV*~HONF)/(GAM-1.00)/RHONF 
210 U(NOIM)=UNF 

P(NDIM)=PNF 
E(NDIM)=ENF 
T ( N 0 I M ) :: E NF I C V 
RHO(NDIM):=RH0'4F 
BIT=XBF*RHONF 
VB::VVPR+ROJJT 
GSl(NOIM,NF)::BIT 
GS2(NDIM,Nf)=BIT*JNF 
G53(NDIM~NF)=81T*(ENF+UNF*UNF*0.500/G) 
IFCNPRC.t:Q.Q) GO Tfl 220 
U(NDIMl)=VVPR 
P(NDIMl)=SIG 
RHO(NDIMl)::RHJPP 
GSl(NDIMl,NF)=~HOPP 
GS2(N01Ml,~r)=VVP~ 
GS3(NDIMl,N~)::SIG 

220 RETURN 
C SET PNF ERROR CONDITION 

230 WRITE (6,?90) 

c 
IE R ::1 
r.o rn 220 

240 FORMAT(42M ILLEGAL PARAMETERS FOR SUPERS~NIC RURNING) 
245 FORMATC47H NEGATIVE SQUARE ROOT OU~ING SUPERSONIC BURNING) 
2'50 FORMAT (3()H IDEAL BURN RATE INFINITE. TERMINATING.) 
260 FOF:MAT (54Hl!>~AL PI.JRN RATE PRODUCES DI:NSITY LESS THAN RECIPROCAL/ 

l26H OF COVOLUMF. TFPPINATI~G.) 

270 FORMAT (53Hl3lSE P~F~SU~E DPOPS TO LfSS THAN 5% OF INITI~L V~LUE/3 
12H FOLLnWIN~ 3URNJUT. TE~MINATI~G.) 



280 
290 
300 
310 

FORMAT (28H fAILURE TO CONVERGE IN BASE) 
FORMAT (29H PNF FUNCTION IN BASE<O--STOP) 
FORMAT(54H FAILURE TO CONVERGE IN BASE WITH CONTINUUM PROPELLANT) 
FORM~T(50H COVJLUME LIMIT 4PPR0ACHED WITH MEASURED BURN RATE) 
END 



,.. . 
.... 
r c ,.. 
.... 
c c 
c 

c 

c 

,,, ;, 

SUBROUTINE ~ASEPR (XPPP,DT) 

UPDATES BOUND~RY VALUES AT INTE~FACE BETWEE~ P~OJECTILE 
BASE AND CONTINUUM PROPELLANT. 

ARGUMENT X~6~ IS THE LENGTH OF THE PROPELLANT AT THE PRESENT 
LEVEL AND OT IS TYE TI~E STEP. 

IMPLICIT REAL*S<A~H,O-Z) 
RE AL:::H MOL 

. . 
COMMON /BARA/ GSl(l00 1 3), GS2(100,3), G$3(100,3) 
COMMON IBARg/ ~H0(100J, P(lOO), E(lOQ), T(IOO), U(IOO), ETA(lOO) 
COMMON /BARC/ NOT, Nl, NF, NP, JNT, NOIM, MAXDIM 
COMMON /BARE/ GAM, BV, MOL, E~H=M, RHOP, Bl(2~), S2(20), BN(20), 

1 CV, ZR(2Q) 
COMt-1[1N /BAR!=/ XPR, VPR, CM, X~, V~, APt ::>P.M, ~DDT, SH;, SSTART 
COMMON /f3ARG/ XB13,DELTf'.XfNPRC,tiOIM1 ,NDIM2 
COMMON /RARH/ AUP,AOWN,V SLYR,DELYR,AMUV(lO),AMU(lO),OB, * SRX(lO),BR(lO),AIRGAMtAIRPO,AI~TO,AIRMW,TWALO, * ~BPF,CDMUZ,ASBR,CD3R,PDIA,CHTW,ORH0(2) 
DATA G /386.1600/ 

CALL CA~AC(NOIM2,VPR,PNF,OPDU,O.DO,XBBP,OT,-l.OO,C,DRH0(2)) 
U{N[llM2)=VPR 
C=0.5DO*(C+DSDR(RHQ{N0IM2),0RH0(2},p(NOIM2))} cz=c:::c 
RHOPP=RNOM(PNI=) 
BI1=P.HO(NDIM2) 
PHO(NDIM2)=RHO(NDIM2)+G/C2*(PNF-P(NOIM2}) 
JF(RHO(NOIM2).LT .~HOP~) RHJ(ND1~2)=RHOPP 
ORH0(2)={RHD(~DIM2)-BJl)/DT 
P(NDH~2)=PNF 
GS1(ND1M2,NF)=~HO(NDIM2) 
GS2(NOIM2,NF)=VPR 
GS3(NDIM2,NF)=PNF 
RETUP'~ 

END 



c 
~ 
c c ,.. ... 
c c 

c 

c 

SUBROUTINE B~~~CH (XB~,XBF,DT) 

UPDATES BOUNDARY VALUES AT BRE~CH OF TUBE WHEN IMPERMEABLE 
ARGUMENTS XBP AND XBF ~RE ~ESPECTIVELY THE POSITIJ~S OF THE 
PROPELLANT AT THE PRESENT AND FUTURE LEVELS. 
ARGUMENT DT IS TH~ Tl~E STEP OVER WHICH THE SOLUTION IS BEING 
INCREMPHED. 
IMPLICIT. REAL*BCA-H,O-Z) 
RE"AL*B MOL 
COMMON /BARA/ GS1(100,3), G$2(100,3), GS3(100,3) 
COMMBN /BARR/ RH0(100), P(100), E(100)f T(100)f U(100), ETA(100) 
COMM N /BARC/ NOT, NI, NF, NP INT, NOM, MAXD M 
C 0 MM 0 N I BARE I G A M , B V , M 0 L , E ~ HE M , R H 0 P , B 1 ( 2 0 ) , B 2 ( 2 ::> ) , B N ( 2 0 ) , 

1 co~~~Nz5~~~~/ QORF(lOO),PRPRES 
DATA G /38b.16DO/ 
CALL CARAC (1,0.00,PNF,DPDU,XBP,O.OO,DT,1.DO,C,O.D0) 
U(1)=0.DO · 
C=O. 5 DO* ( C+ OSQRT C G*GAM*P'( 1) /RHO ( 1) I ( 1. 00-B V*RHO( 1)) ) ) 
C2=C*C -
RHOCl)=RHOCl)+G/C2*CPNF-PC1)+QORF(l)*(GAM-l.OO)/ 

* ( l.DO-BV*RHO ( 1) )*DT> 
P(l)=PNF . 
E(l)=P(l)/RHO(l)/(GAM-l.DO)*(l.DO-BV*RHO(l)) . 
T(l)=E(l)/CV 
BIT=XBF*RHO(l) 
GSl(l,NF)=RIT 
GS2(l,NF)=O.OO 
GS3(l,NF)=RIT*E(l) 
RETURN 
END 

,. 
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5 U 8 R 0 lJ T I N E e U .~ N ( D ~~ F , ~ 0 0 T , R 0 0 T P R ) 

CALCULATES RE~RESSION RATE (ROOT) AND DERIVATIVE WITH RESPECT 
TO PRESSURE (~DOTPR) AS A FUNCTION OF PR~SSURE (PN=) FOR -
EXPONENTIAL RURN RATE LAW (IOEAL=O) 
SUBROUTINE ALLOWS FnR MULTIPLE BURN RATE FUNCTIONS WHICH CHANGE 
AS THE TC G~AI'J BU~NS. -

IMP~ICIT REAL*B(A-H,O-Z) 
RE AL:::s MDL 

C()t-H~ON /BAR~.-/ GAM, BV, MOL, ECHEM, RHOP, Bl(20), B2(20), BN(20), 
1 cv~ 7R(20l -

COMMuN /BAR~/ XPP~ VPR, CM~ XB~ OUM(5) 
COW10N /BRVAR/ Xlt•PI, XPR01-',t4BK 

CHECK FOR V.~RIATION Qc RIJRN RATE FUNCTlnN. 
IF (NBR.EQ.O) GO TO 20 
XLPP=XPROP+XPR-XB 

COMPUTE FRACTION OF GRAIN MASS BURNED 
ZP=l.OO-CM/QHDP/XLPRI 
IF (ZP.LT.O.DO) G8 TG 20 
[10 10 1=1,"-l~~ 

CHECK FOR FRACTION OF GRAIN MASS BURNED, IF EXCEEDED 
CHAfJGE RURN RfiTF FUNCTION. 

IF (ZP.LT.ZQ(l)) GO TO 30 
C(lt.Ji I NUE 
Bll=P.l(NBP) 
P2I=E2(Nf3R) 
nNI=BN(NBR) 
Gf1 TO 4J 

20 P.ll=Bl(l) 
E?l=E,2(1) 
F N I = R ~J ( 1 ) 
r.o TO 4') 

30 Ell=Fl(l) 
B2I=B2(l) 
eNI=R~l(l) 

I= 1 
4 0 C ClNTl NUE 

POCT=B2l*PNF**RNI 
RDnTPP=~DUT*~~I/P~F 
POOT=PDnT•Sl I 
F !':TUP'i 
E"lC 
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SUBROUTINE CA~AC (KKoUNFvPNFoDPDUoX~P 0 XBBP,OT 0 SGNoCRoORH0) 

USFS cnNDITID'IIS OF C01.1PA[IBlLITV ON ACOUSTIC CHARACTE~ISTICS 
TO DETERMINE BOUNDARY VA UES OF PRESSURE (PNF) CONSISTENT 
WITH ~FLOCITY (UN~) AT POINT KK. ALSO RETURNS DERIVATIVE 
OF PRFSSURF WITH ~FSPECT TO VELOCITY (DPDU) 0 SPEED OF SOUND 
( CR). · 
ARGUMENT XBP IS THE pOSITION OF THE GAS/PROPELLANT INTERFACE 
AT THE PRfSE'lT LEVEL 11.'110 XBBP IS THE LENGTH OF THE PROPELLANT. 
ARGUMENT OT IS THE TIME STEP OVER WHICH THE SOLJTION IS BEING 
INCREMENTED •. 
ARGUMENT SGN IS SET EQUAL TO 1 FOR A LEFT HAND BOUNDARY AND -1 
FOR A RIGHT HAND BOUNDARY. ARGUMENT DRHO IS THE TIME DERIVATIVE 
OF THE PROPELLANT DENSITY. 
IMPLICIT REAL*B(A-H,O-Z) 
REAL*B 12, MOL,MACH 
COMMON /BARB/ RH0(100), P(100)j E(l00) 2 T(100)f U(100), ETA(100) 
COMMON /BARC/ NOT, Nit NF, NP, JNT, NDIM, MAXD M 
COMMON /BARD/ DXMJN, DELTAX 
COMMON /BARE/ GAM, BV, MOL, ECHEM, RHOP, 81(20), 82(20), BN(20), 

1 CV, ZR(20) 
COMMON /BARF/ XPR, VPR~ CM, XB, VB, ABt 0 RM, ROOT, SIG, SSTART 

E8~~g~ ~R::~~ ~~~R~~~~E~~~~~~E~g!~~f~~~~OZBL,NBRV 
COMMON /BARJ/ QORF(100) PRPRES 
COMMON /BARCJ2/ PST, SI~MAX, MACH, APMAX, XI1, XI2r NCJ, IDEAL 
COMMON /LPRO/ ~PRO 
DATA G /386.1SDO/ 

UREL=O.OO 
JF(KK.EQ.l) GJ TO 2 
IF(NPRC.EQ.l.AND.KK.EQ.NDIM2) GO TO 2 
UREL=UNF-VB 

2 IF(SGN.LT.O.O()) GO TO 4 
IA=KK 
IB=KK+l 
GO TO 10 

4 IA=KK-1 
IB=I<K 

10 IF(KK.LE.NOIM) GO TO 20 
C=DSDR(RHO(KK) ORHO,P(KK)) . 
J?:DFLOAT(NDIMf)+(-(SGN-1.00)12.00-0TO(-SGN*C+UREL)/XBBP) 

:;: /DEL TBX 
Gll TO 25 

20 C=D5QPT(GAM* 0 (KK)*G/RHC(KK)/(l.DO-BVORHO(KK))) 
SGt-'!=SGN 
JF(OAPS(ORHJ),LE.l.Q-10) GO TO 24 
SGt1=DRHO 



c 

IF(SGN.LT.O.OJ) GQ TO 22 
IA=IA-1 
IB=JB-1 
GO TO 24 

2 2 I.~= I A+ 1 

24 
25 

IB=IB+l 
I2=l.D0+(-(SGM-l.D0)/2.DO-DT*(-SGN*C+UREL)/XBP)/DELTAX 
IF (12.GE.o=LJAT(IA).AND.I2.LE.DFL0AT(JB)) GO TJ 40 
IF (tlPPO.GT.O) GO TC 30 
IF(IDEAL.GT.O.AND.MACH.LT.l.D-10) GO TO 30 
IF(IDEAL.GT.~.AND.MACH.GE.0.99D0) GO TO 30 
WRITE (6,50) KK,I2,C,UREL 

30 CONTINUE 

I~ II~:~l:8~c3~ili~JJ ~~~B~t8~ifl~~ 
40 D1FFA=IS-I2. 

DIFFB=I2-II\ 
CR=C 
NEI.=NI 
IF (INT.EQ.O) NB=~P 
RHOl=RHO(KK) 
CA.LL 9AR2 (IA,IB,NBrXBP) 
lJ? = U ( J A ) ::: D 1 t: F ~ + U ( 1 P, 1':' D I F F B 
P2=P(IA)*DIFF~+P(IB)*DIFFB 
RH02=RHJ(IA)*DIFFA+RH~(IB)*DIFF3 
RH02=0.5DO*(RH02+RH01) 
BIT=(QORF(KK)+DIFFA*OORF(IA)+OIFFP*QORF(18))*DT*0.5DO 
IF(KK.GT.NDIM) GO TO '5 
BIT=-6IT*(G~~-l.DO)/(l.DO-BV*R~02) 
C.=0,5DO*(C+DSORT(GA~*P2*G/RH02/fl•DO-BV*RH02))) 

44 PNF=P2-SGN*Q~J?*C*(U2-UNF)/G+BI 
DPOU=SGN*RHO?*C/G 
PF.T\IF'N . 

45 C=0.5DO*(C+DSDR(RH02~DRHOAP2)) 
IF ( B I T :::u NF • G T. 0. [lO ) t: I T =-HIT 
P !T=-SGN:::c:::~ IT 
IF(NWFR.LE.O) GC TG 44 
8IT=BIT/P(K<) . . 
onDU=S~~*RH8?*C/G/(1.D0-91T) 
IF(DABS(BIT).LT.l.D-1~) GC TO 4~ 
IF(DAP<:.(U2)olT.l·::'IO./INri.DAES(UrJF).LT.l.OO) GO TO 47 

46 PNF=P2/(l.r0-3IT)-DPDU*(U?-UNF) 
PF Tt tprJ 

'~7 P~!F=P(K<) 
F:;:: T UR ~1 

\• 

r, 0 F rt r.• ~· •\ T ( 4 2 H r: H A F f>::; H:P 1 ~ T I C. l NT E :<> C ~ 0 T OUT 0 F PaNG E • WARN 1 N G • , 4 G 2 0. 6 
1 ) 

F'.JfJ 
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FU~CTION DSDR(X,XJ,Y) 
c 
C COMPUTES S~ALL AM 0 LITUDE WAVE SPEED IN SOLID PROPELLANT AS 
C A FUNCTION OF DENSITY (X), RATE-OF-CHANGE-OF-DENSITY (XO), AND 
C PPESSURE (Y) 
c 

c 

I~DLICIT REAL*B(~-H,O-Z) 
REALt.:R ~-10L 
COI~'-10"1 /BAP:E/ GAM, PV, t10L, ECHEM, ~HOI=', g}(20), 82(20), BN(20), 

1 CV Z~(20) · 
CO~M~N /BARH/ AUP,ADWN 1 VJSLYR,DELYR,AMUV(10),A~U(10), ::: PR X ( 10 ) , B '< ( 10) , A I RG AM, A I RPO, A I R TO, A I R MW, TWA LO, * ~3RF,COMUZ,ASBP,CDBR,PDIA,CYT~,DR~0(2} 

DSDR= AUP:::X/R HOP 
IF(XD.LT.C.DJ) CQ Tn 10 
YN=SNOM(X) 
IF(Y.LT.YN-l.D-10) GO TO 10 
RETURN 

10 IF(AD~N.GT.DS9R) DSDR=ADWN 
RETURN 
END 



c 
c 
c 
c ,.. 
\,. 

c 

c 

c 

SURf<Dt.JTINE GETK (I) 

DERIVATIVES 8F PROPELLANT AND PROJECTILE MOTION 

GETK IS CALLED TWICE PER UPDATE CYCLE WITH 1=1 FOR THE PREDICTOR 
·STEP AND 1=2 =oR THE CJR~ECTOR STEP. 

IMPLICIT RE~L¢9(A-H,O-Z) 
~EAU:B MOL, K 

COI~MON /BARB/ RH0(100), P(100), E(100), T(100), U(l00) 1 ETA(100) 
COM~ON /BARJ:.:/ GAt-1, F\V, MOL, ECHEM, RHOP, 81(20), B2(20J, BN(20), 

1 CV, ZR(20) 
CC.It1MON /AARF/ XPR, VPRJ CM, XB, Vei A8 1 PRM, ROOT, SIG, SSTART 
COMMON /BAPG/ XPB,f;!:-LTt.X,rJPFC,NDIM ,NOtM2 
CfJMf10N /BARH?./ PR"1B,EL8,A~U,F"'UV(l0),8MU(l0) ,NB~ES3 
COMMON /RARH4/ RESAIP,RESDR 
CfJMMON /BARJ/ QORF( 100) ,pr.~PRES 
COMMON /PERS/ K(4,2) 
QATA G /396.1600/ 

~ CHECK FOP SHOT-START CnNDITION 

IF (SIG~GT.SSTA 0 T) GO TC' 10 
!FU!RRF-3.NE.~) GO TO 10 
K(l,l)=O.OO 
K(2,1)=0.DO 
GO TO 20 

10 K(l,I)=VP~, 
1F(NBRES3.~Q~~) SS1ART=O.OO 
IFCtJPF'C.EQ.ll G!! Tn 1? 
SICX=SIG-RfS 0 (XPR,VP~,~) 
PFTOT=P:.:M+Ct-1 
GO TO 1'+ 

1? SIGX=P(NOIM2)-RfSP(XPR,VPR,A)+PRPRES*X~B 
P~: TOT=PRM 

14 IF(SIGX•LT·O·J).A~D.VDR.LE.O.DJ) SIGX=0.10 
K(2~1)=~B*G*S!G.·X/PPTGT/(1.DO+A*AB*G/PRTOT) 
r~r ~uR=PJ:= sne+ A···V. ( 2,1) 

20 K(3~l)=D.f)n 
r.~~QPX=FHOP 

lF(NPRC.EO.l) ~HQ~X=RYJ(NDI~1) 
IF (CM.GT.o.nD) ~(3,1)=-ROJT*AB*RHOPX 
1'.(4,I)=VP. 
r:· f:: TUF' N 
r "Jl' 
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SUf'.F~rJUTINE HTI-' 

HEAT LOSS TJ TUBf W~LL FROM GAS 

IMPLICIT REAL*~(A-H,O-Z) 
RE AU=H "~OL 

COMMON /BAQB/ ~HQ(100), 0(100)~ E(lOO), T(lOO)f U(lO~), ETA(100) 
COMMbN /BA~C/ NOT, NI, NF, NP, INT, NDIM, MAXD M 
C0Mt10N /BARE/ GAM, PV, MOL, ECHEM, RHOP, A1(20), 62(20), BN(20), 

1 CV, ZR(20) 
COMMCN /BARGJ XBB,OFLTBX,NPRC,NDIMl,NDIMZ 
COMMON /BARH/ AUP,AOWN 1 VISLYRfDELYR,AMUV(lO)fAMU(lO),DB, * B~X(lO),BK(lO)lA RGAM 1 AIRPO,AIR O,AIRMW,TWALO, 

¢ ~BRF,COMUZ 1 ASS~,CDBR,PDIA,CHTW,ORH0(2) 
COMMON /BARH3/ PRNO,VISG 
COMMON /BARJ/ QORF(IOO),PRPRES 

BIT=VISG*CV*GAM/P~ND**0.600 
DO 10 1=1,NDIM 
QORF(I)=O.OO 

~~~!~~~l~T*~~t~g~a9U~~E 
10 

REY=OABS (REV) 
QORF(I)=CHTWIDB/DB*(T(J)-TWALO)*REY**O.BDO*BIT 

10 CONTINUE 
RETURN 
ENO 



c c c 
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E 
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c 

c 

SUPROUTINF JUTFLQ(~K,XBP,X3F,DT,SGN) 

BOUNDARY VALUES AT GAS PERMEABLE BOUNDARY VENTING TO 
ATMOSPHERE. . 

ARGUMENT KK POINTS TO STORAGE LOCATION FOR AOUNDARY DATA. 
XRP IS THE LENGTH OF THE GAS COLUMN AT THE PRESENT UPDATE 
LEVEL AND XBF IS THE VALUE AT THE FUTURE UPDATE LEVEL. DT 
IS THE TIHE STEP THROJG~ WHICH THE SOLUTION IS BEl\IG ADVANCED. 
SGN IS SET EQUAL TO 1 AT A LEFT HAND BOUNDARY AND -1 AT A RIGHT 
HM!O BQUNOAR.Y. 

IMPLICIT REAL*3(A-H,O-Z) 
RE flL:::o MOL 

CJ"Jt-1!-HJf\J IPu\RAI s:1( 100,3), GS2(100,3), GS3·Cl00,3) 
C [) M !·10 N I B A~ B I ~ H 0 ( 1 0 0 ) , P (1 0 0 ) , E ( 1 0 0 ) , T ( 1 Q 0 ) , U ( 1 0 0 ) , E T A ( 1 0 J ) 
COtlt-·!ON IBM~:I NDTf NI, NF! NP, INT, NDIM, MAXDIM 
COMMON IBA~OI DXM N, DELT X 
cm~''ION 1818[1 G/1 1-', rv, MOL, ECHEM, RHOP, B1(20), B2(20l, BN(20), 

1 CV, ZR(20) 
co t-1 r-" oN 1 B .\ R F 1 Y r P , v P R , c M , x 8 , v f' , A B , P R M , RooT s I G ssT ART 
.cCJn~mN IRA.RYI t~UPi"cwN,VISLYR,:>ELY~,AMUV<1o>,~Mu Io>,D~, . 
~ BRX( 0),8R(10)lAIRGAM,AIRPO,AI~TO,AlRMW,TWALO, * PpPc 1 CGMUZ,ASB~ 1 COBP,PDIA,CHTW,DRH0(2) ( 0 ~1M [HJ I 8 A.';)_ J I Q 0 p F ( 1 0 D ) I p p F p t s 

DATA R,G 119550.D1,3P6.1~001 

UNF=U(KK) 
QOPFHT=~ORF(K<)*<~AM-1.DO)I(l.DO-BV*PH0(KK))*DT 
(hLL CARAC(KK,UNF,PNF,DPDU,~BP,l.DD,OT,SGNtC,O.DO) 
NrUY=8 
IF(nArS(U~FIC).LT.1.DO) GO TO 50 

SF. A P C H F 0 R S U ::> ~ R S J t--lJ C E F F L U X 

SGN2=-5GN . 
C~LL CA~AC(((,JNF,PNF2,0=>0U2,XB::>,l.OO,OT,SG~2,C,SG~) 
SAVF=UtJF 
UNF =U\JF + ( P"'F ?- P~lF) I ( OPOU-QP CU2) 
SAV[P:PtlF 
P N F = P rH + 0 P 0 U ::: ( UN F- ':; A V :-. ) 
tiWAY=l 

50 OIFFf=-SGN*U~F*OTIXPPIDELTAX 
!F(KK.EO.NOI~) Gn TO 54 
DIFFA=l.CO-D!FF~ . 
L\ = 1 
C C: T [l 5 f:, 

r.4 GirFA=CIFFl 
PirrP.=l.D0.-Dll=FP 



c 
E 

---' 

! ..... 
t.-1 
0\ 

c 
c 
c 

I A=ND I r-1-1 
5~ I8=IA+1 

P2=P(IA)*OI~CA+P(IR)*DIFFB 
RHO?=RHQ(IA)*DIFFA•PHOCIB)*DIFFB 
C=0.5D0¢(C+JSQRT(G*CAM*P2/RH02/(1.DO-BV*~H02))) 
GCZ=G/C/C 

60 RHONF=RH02+( (DNF-D?)+QORFfl.T)*GC2 
ENF=P~FC(l.OO-BV*R~ONF)/(GAM-1.00)/RHONF 
TNF=E"'F/CV 

90 

100 

104 

105 

110 

130 

14 0 

JF(NWAY.EQ.O) GO TO 100 
JF(NHAV.EQ.2) GO TO 110 
CB1T=DSQRTCG*~AM*~NF/~HJNF/(1.DJ-BV*RH0Nc)) 
IFCOABS(UNF/C9JT).GE.1.DO) GO TO 104 
NWAV=O 
UNF=SAV!: 
PNF=SAVEP 
GO TO 50 

SEARCH FOR SUBSONIC EFFLUX 

ITER=O 
LSET=O 
LHSET =0 
NWAY=2 
JF(KK.NE.l) GJ TO 105 
COB=CDBR 
AST=ASBR 
GO TO 110 
COP.=COMUZ 
AST=AB 

QUASI-STEADY FLOH RATE 

BIT=1.00+UNF*JNF/2.00/G/ENF/GAM 
NEXT=O 
PS=PNF*BIT**(GAM/(GAM-1.00)) 
IF(NEXT.EO.l) GO TO 140 
NEXT=1 
HJT=BIT-~V*(PS-PNF)/ENF/GAM 
GQ TO 130 
TS=TNF:::s IT 
B I TP= B V*P S/R /T S :::M) L 
CRIT=CDB*ASI*~S*DSQRTCGAM*G*MOLIR/TS*C2.DO/(GA~+l.00))** 

:;: ((GAM+ .00)/(GAM-1.00))) * *C1.DD-0.224DO*eiTP+0.104DO*BITP*BITP) 
150 JF(NWAY.E0.2) Gr TO 1'5 

C R I T? =.A~::: RHO t·J F ::: [1 A 8 ~. (UN F ) 

1'55 

1F(CRJT2.LE.1.01D~*CRJT) GD TO 190 
GO TO 9a 
lP~F A =Ut-JF 

•I 1\ 



c 
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16() 

170 

180 

190 

UNFP=-SGN*C~IT/AB/PHn~F 
JF(DADS(UNF8-J~FA).LT.1.G-2*DABS(U~FA)) 
UNF=UNFB 
ITER= I TER+l 
1F(lTER.GT.50) GO TC 200 
IFCUNF.GT.UN~A) GJ TQ 160 
UNFH=UNFA 
LHSFT=l 
GO TO 170 
UNFL=UNFA . 
LSFT=1 
lF(LSET*LHSEt.EO.D) GO TO 180 
UNF=0.500*{U~=H+U~FL) 
PNF=PNF+DPOU*{UNF-UNFA) en ro 60 
DE LP=DPDU:::{ IJNF -UtlF A ) I 2. DO 
PNF=PNF+DELP 
UNF=UNFA+OF.LD/OPDJ 
GO TO 60 

VALUES CONV~QSED 

U(KI<)=UNF 
P(f<',K)=PNF 
T(t<K)=TNF 
[(KK)=ENF 
[l, I T =X P. F :::RHO N F 
RHO{KK)=RHO"J!= 
GS1(KK,NF)=~IT 

G52(KK,NF)=riT*UNF 
GS3{KK,~~)=~IT*(ENF+UNF*UN~/2.0J/G} 
PI:TI.JPN . 

GO TO 190 

C ERROR MESSAG~ c 
200 rJRITE{6,210) 
210 FJRMAT(42H EX:~SSIVF NJMBFR OF ITERATIGNS IN OUTFLO.) 

(ALL EXIT . 
F~w 
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SUPROUTINE ~EFIT (NWAY,N) 

ROUTINE TO PERFOR~ ALLOCATION OF MESH. CALLED AFTER EACH UPDATE 
CYCLE PY BA~3 WIT~ NW~Y = 1. ALSO CALLED INITIALLY BY BARl ~ITH 
NWAY = o. 
ARGUMENT N IS A POINTER TO THE LEVEL AT WHICH THE 
FLOW PA~AMFTE~S A~E PEJNG INTERPOLATED. 

REFIT ESTAPLISHFS MESH IN ACCORDANCE WITH VALUES OF INPUT 
QUANTITIES DX~IN AND ~AXOIM WHERE: . 

OX~IN- ~INIMUM VALUE OF MESH INTERVAL (IN PHYSICAL UNITS) 
MAXOIM - MAXIMUM NUMBER OF MESH POINTS DESIRED. 

NDIM MESH PJINTS ~RE ESTABLISHED SUCH THAT 3.LE.NDIM.bE.MAXDIM. 
AS THE PROP=LLANT MOV:S~ POINTS ARE ADDED FROM TIME T· TIME AND 
VALUES OF THE COMPUTATiuNAL VARIABLES ARE DEDUCED BY A CUBIC 
SPLINE INTERPJLATION. 
IF THE INITIAL VALUE J~ XB IS L=SS THAN DXMIN~ TE~~I~lTION 
OCCURS. IF XB IS CREATER THAN DXMIN BUT LESS IHAN Z*DXMINt 
A WARNING IS ~~INTED 3UT EXECUTION CONTINUES. 

IMPLICIT REAL*B(A-H,O-Z) 
REAl*8 MOL 
COMMON /BARA/ GS1(100,3), GS2(100f3), GS3(100~3) 
COMMON /BARC/ NDTf Nit NF, NP, IN , NDIM, MAXuiM 
COMMON /BARD/ DXM N DELTAX 
coMMON /BARE/ Gt\M, Bv, MOL, EcH::M, RHOP, 81(20), 82(20), BN(20), 

1 CV ZR(20) 
COMM~N /BAR~/ XPR, VPRl CM~ XB, VB! ABf PRM, ROOT, SIG, SST~RT 
COMMON /BARG/ XPE,DfLT~X,NPPC,NDIM ,NO M2 
COMMON /BARJ/ QOR~(lOO),PRPRES 
~~~J~~t~~C~(~~~~~~~lJ,t~l~~!f>1P(l00), SPL(100) 

NDIMA=NDIM 
NDIMlA=NDIMl 
NO H12A ="10 P~2 
K=XB/OX~IN+O.SDO 
K =K+l 
Kl=O 
IF(NPRC.EQ.~) Gr Tr 5 
IF(CM.GT.l.O-ln) GO TO 4 
NDRC=O 
GO TO 5 

4 1': 1 =X RBI 0 X t1J N + ~. '3 r.·) 
Yl=Kl+l 

5 IF (NWAY .FO.l) !';0 TO 3C 
SP(l)=l.DO 



c ,.. 
c 
c 

1-' 
(,;! 
\0 

., 

DO lb I=2,MAXDI~ 
10 SP(l)=1.D0-0,0625)0/SD(I-1) 

IF (K.GE,3) GO TO 30 

20 
3(' 

IF (K.EQ.2) ~J TO 20 
WRITE (6,12::>) 
CALL· EXIT 
WRITE (6111::>) 
K=~1AXO(K,3) 

IF(NPRC.EO.O) GC TO 34 
TF(K1.GE.3) GO TO 35 

' . 

,, 

PROPELLING CHARGE TOO SHORT TO BE TREATED AS CD~TINUU~. 
DEFAULT TO LU~PED PAR~METER. 

34 

3 r> 
36 

37 

NPPC=C• 
RHDP=C1-1/AR/X.?.3 
PRPRE S=Qr:lRF (NO I~·-!) 
NDIM=MI~O(K,~AXDI~) 
GIJ TO 32 
IF(K+K1.GT.MAXDI~l GQ T1 37 
NO H~=K 
N n nn = 1<. • 1 tm H12=V.. + K 1 
DELTBX=1.UO/(:IFLOfiT(Kl)-1.DO) 
GCJ TO ?>~ 

BIT=DFLQAT(MAXDIM)/DFLO~T(K+K1) 
K=DFLOAT (I': H•O. T T 
K=MAXO(K,3) 
10 =MAXDI !1-K 
IF(Kl.G~.3) r;:J TO 36 
K1=3 
K=!1AXOIM-J 
G!J TO 36 

3P DELTAX=1,00/(JFLOAT(NDI~)-l.00) 
I F P.H.J A Y , E Q • 1 ) P r T UP t~ 
IF (NOIM.fQ.~~DIMA.~ND.NPPC.EQ.O) RETURN 
IF(NOIMoEQ.~DlMA.ANO,NDIM2.EQ.NDIM2A.AND,NPRC.EC.l) RETURN 
81 110 MM=l,:l, 
IL-"' 
I"? ~fiD It~ A 
ILA=l 
1 ?A =ND I M 
~·!~1·1 =ND I~ 

Jo qiT=l.OO/D~UltT(Ii\1-(!L-1)) 

PITA=l,00/DFLJ6T(IRA-ILA) 
PITD=1,5DO/~TT/~YT 
JP'~=I~-1 

Ill=IL 
ISHFT=IL-2 
IF ( IL.GT.P'-1) ·GO TO f:·C 

,, 



.._. 
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c 

SPL(1)=0.00 
00 40 J=IL IRM 
SPLB=BlTD*{X(J+1 1 ~,MM)+X(J-1,Nt~M)-2.DO*XCJ,N1MM)) IF CJ.GT.IL) SPLH=SPL8-Q.2500CSPL(J-1-ISHFT)/~P(J-2-ISHFT) 

40 SPLCJ-ISHFT)=SPLB 
SPLfi~-ISHFT)=O.DJ 
KSHFT=IRM+IL-ISHFT 
DO 50 J=IL,IR.~ 
JSHFT=KSHFT-J 

50 SPLCJSHFJ)=(SDL(JSHFT)-0.2500*SPL(JSHFT+1))/SP(JSHFT-l) 
6 

O ~ 1 = ~ 1 T l ~ 0 ~ ~ ~ l ~ t I - I L AJ 
on 10 J=IL1,I~ 
Z=BIT*DFLOATCJ-CIL-1)) 
IF (Z.GE.ZA) ~0 TJ 80 

70 CONTINUE 
J= I R 

80 JJ=J-1 
ILl=J 
C 1 = (l-Z A ) /B I T 
C2=ClA+BIT-Z)/BIT 
Y(I)=C10X(JJ,N,MM)+C20X(J,N,MM) 
IF (IL.GT.IRM) GO TO 90 
Y(J)=Y(l)-C1*C2/6.DO*BITOBIT0((1.DO+C2)*SPL(JJ-ISHFT)+ 

¢(1.DO+C1 )*S 0 L(J-ISHFT)) 
90 CONTINUE 

IFCNPRC.EQ.O) GO TO 95 
IFCMMM.GT.NDIM) GJ TO 95 
IL=NDIM1A+1 
IR=NDIM2A 
ILA=ND IM 1 
IRA=NDJM2 
MMM=NDIM2 
GO TO 39 

95 DO 100 M=1,~MM 
100 X(M,N,MM)=Y(M) 
110 CONTINUE 

RETURN 
120 FOPMAT (44H ILLEGAL VALUES OF XB AND DXMIN. TERMINATING) 
130 FORMAT (45H MA~GI~AL VALUES OF XB AND nxMI~. CJ~TINUI~G.) 

FNO 

d·, •I 
,, 
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20 
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FlHlCTION RESP('f.,V,/;) 

RESISTIVE PRESSURE ACTING ON PROJFCTILE AS A FUNCTION OF 

~~t~FbE~:~tA~~~O~~T~Rh~b~T~~~~r~~~ ~R~~E~~~~~N~gC~~E~:~i~N. 
IMrLICIT REAL*R(A-H,O-Z-l 
PE f\l.:::s MOL 

C 0 f"; M 0 N I B A R E I G A M , B V , M 0 L , E C H Ef'1 , R H 0 P , B 1 ( 2 0 ) , B 2 ( 2 0 ) , B N ( 2 0 ) , 
1 CV, ZR(20) · 
COMHO~ IBAR'il ~IJP,A.mi"J,VISLYRfDELY~,AMUV(10) ,AMJ(l:>),QB, 

:;: 9~X(10) ,E'P.(10)_,A RG.AM..tAIRPO,AIRTO,AIRMW,TWALO, * PPPF,CDMUZ,ASBK,CDBR,~OIA,CHTW,ORH0(2) 
COMt-1[lN IBARH2/ PR"1P \EU~~ANlJ,BMUV( 10) ,PMU( 10) ,NBRES3 
COMMON IPARH~I RFSA R,R-SOB 
C 0 M M 0 N I B A P F I X P R , V P R , C t-1 , X P , VB , A R , o R M , R D 0 T , S I G , S S T ART 
COMMON /BARil ~WFZ,NB~~S1~N5RES2,NHTW,NMUZBL,NBRV 
DATA GI386.1SD~I,QilB550.uOI . 

RESP=O.DO 
1-=0.DO 
IFOH3F:[Sl.EQ.0) GO TO 40 

RESISTANCE ~u: Tn FPIC.TIC~~ ON OBTU~ATOR (';IVEN IN TABULAR FORM 

IF(X.GT.BPX(l)) GO Tn 10 
RfSP=CR(l) 
GO TO 40 
00 20 1=2~NBRES1 
1F(PPX(I1.GE.Y) GJ TO 30 
CUNTINUE 
RfSP=P.HI'lfl.RESl) en 10 40 · 
PJT=(BP~(J)-X)I(B~X(I)-BRX(I-1)) 
P. F S P =B R ( I -1 ) :::3 I T +~ P ( I ) ::: ( 1 • D 0 -B I T ) 
PESOB=FESP 
If(NBRES2.E~.~) GJ TG 60 

PESJSTANCF OJE Tn S~OrK AHEAD OF P~OJECTILE 

(' 



C RESISTANCE )U~ TO rPICTION ON OSTURATOO AS DrTERMINED 
E BY SETRACK PRESSU~E AND TABULAR COEFFICIENT OF FRICTION 

IF(V.GT.BMUV(l)) GO Tn 70 
E'JTMU=BMU ( 1) 
GO TO 100 

70 DO 80 1=2 7NBRES3 
IF(AMUV(JJ.';E.V) :;n TO 90 

RO CONTJNUF 
BITMU=BMU(NBRES3) 
G(l TO 100 . 

90 BlT=(BMUV(I)-V)/(3MUV(I)-BMUVCI-l)) 
BITMU=BMU(J-l)*BIT+B~U(l)*(l.DO-BJT) 

100 RESOB=BITMU/B~U(l)*SSTtRT 
RESP=RESP+RESJB 
OENOM= ( 1 .00-A~U) /ANIJ:::AB-8 ITMU':'ELB':'1. '370796::'DA 
IF(OENOM.LT.l.D-10) DENOM=l.0-10 
A=4.00*AITMUOELB/DB*PRHB/G/DENO~ 
RETURN 
END 

,, 



c c 

,, 
,l 

,. 

F I.Hl C T T 0 ~ R N 0 M ( X ) 

NOMINAL DENSITY CJRVE FOR PROPELLANT AS A FUNCTION OF 
PRESSIJPE (X). 

IMPliCIT REAL*R(A-H,O-Z) 
REAL::'B 1.1nL 
COMMnN /BARE/ GAM, RV, MOL, ECHEM, RHOD, 81(20), 92(20), BN(20), 

1 CV, ZR ( 20) 
COMMON /BARH/ AUP,AOWNrVISLYR,OELYR,AMUV(10lfAMU(l0), 

::: . · 3~X(10) ,BR(10).lAIRSAM.tAIRPO,AIR O,AIR"1W,TWALO, 
* PBPF,CDMUZ,ASBw,COBR,~DIA,CHTW,ORH0(2) 

DATA G/3R6.1600/ 
RNOM=RHOP*(3.DO*G*X/AUP/AUP/RHOP+1.00)**(1.D0/3.00) 
RETIIPt.J 
E"ND 

{I (r 



c ,. 
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c 

SLIRROJTINf SIGCHK 

CHECKS THAT P~ESSJPE I~ SOLID PROPELLANT DOES NOT LIE 
ABOVF NOMINAL LOADING CURVE. 

IMPLICIT REAL*9(A-H,Q-Z) 
COMMON /BAPA/ GS1(100,3)~ GS2(100,3), GS3(100,3) 
COMMON /BARC/ NOT, Nl, Nt-, NP, INT, NDIM, MAXDIM 
CJMMO~ /BA~~/ XAB,DELT8X,NPRC,NDIM1 ,NOIM2 

DO 10 I=NDIMI,NOI~2 
X='SNOM(GSH I ,~F)) 
I F ( G S 3 ( I , NF ) • G T • X) G S 3 ( I , N F ) =X 

10 CONTINUE 
RETURN rr.m 

,, 
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c 

c 
c 

,. , .. •• .,, 

FUNCTION SNOM(X) 

NGMINAL STRESS CU~VE FOR PROPELLANT AS A FU~CTIDN JF DENSITY 
C X ) • 

IMPLICIT RE~(og(A-H,O-Z) 
RE AU'A MOL 
COMMON /BARE/ GAM, CV, MOLt ECH=M• RHOP, 81(20), B2(2J), BN(20), 

1 CV, ZR(20) . . 
COMMON /BARH/ AUD,AOWN,VISLYR,OELYR,AMUV(lO)fAMU(lO), 

::: . ·P.PX(lO),P,R(lO),AIRGAM,AIRPO,AIR O,AIRMW,TWALO, 
0 PBRF,CDMUZ,ASBP,C09R, 0 DIA,CHTW,ORH0(2) 

DATA G/386.1600/ 

SNnM=AUP*AUPO~HOP/3.DO/G*((X/RHOP)**3-l.DO) 
RETURN 
END 

., 

(' 
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c 
c ,.. ... 
c 
c 

c 

SUAROUTINE VElCHK 

CHECKS THAT VELOCITY HAS NOT BEEN REVERSED AS A 
CONSEQUENCE OF FRICTION 

I~P~ICIT REAL*B(A·H,O-Z) 
COMMON IBARAI GS1(100,3), GS2(I:l0,3), GS3(100,3) 
COMMON IBARCI NOT, NI, NF, NP, INTf NDIM 1 MAXDIM 
CO~MBN IBA. §GI XBB~DELTBX~NgRC 1 NOIM ,NOIMt 
C Ql'; M N I B A" J I ~ 0 P. F ( 1 0 0 ) , 1-' R R E ~ 

NB=NI 
IF(INT.EQ.O) 'JB=N:;, 
DO 10 I=NDIM1,NDI~2 
IF(DABS(GS2CI,NB)).LT.l.D-10) 
IF (GS2 (I ,NF) •::QQRF( I) .CT .o .oo) 

10 CONTINUF 
RETURN 
END 

'• 

GO Tn 10 
GS2(1 ,NF)=O.OO 

•\ 1•. 
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SURP.OUTI NE IIF ~ c 
C FRICTION BETHEEN SOLID PROPELL~NT AND TUBE WALL ,.. 

c 

c 
c 
c 
c 

c 
E 

IMPLICIT REAL¢8(A-H,0-?) 
RE AL,::g. MOL 

COt·lMON /8AI:?3/ ~HO(l·OO), P(lOO), F(}OO), T(lOO), U(lOO), ETA(lOO) 
COMt·H)N /BARE/ GAM, PV, MOL, ECHEM, RHOP, !31(20), 82{20), BN{20), 

1. CV, ZR(20) 

EBn~B~ :R:~~~ :nt 1·2~b~~o,~r~~:~~t~~:~~~~flo),AMU{l0),oa, ~ BRX( O),BR(lO~~AERGAM~AIRPO,AIRTO,AIRMW,TWALO, 

¥COMMON /BARJ/p~~~~?2~~~~r~~~~E~~~~~~~~A~a!~{~~~~~Z) 
COMMON /BARJ/ OOP=\lOO),PRDRES 

IF{NWFR.GT.O) GO Tr 20 

FRICTION OUE TO GAS FILM LAYER 

DO 10 I=NOIMl,NDI~2 
OORF(l)=-4.00/DB*VISLYR/DELYROU(I) 

10 CONTINUE 
RETURN 

FRICTirN OUE TO NJPMAL STRESS 

20 DO 70 I=NDI~l,~ni~2 
. QORF(I)=-O.nO 
IF(P(I).LE.~.~~) ~0 TJ 70 
IF(I.EC.NDI~l) GO TC 22 
IF{I.EG.NOI~2) GO Tr ?4 
PA TI=0.25('IO=:<p( I-1 )+P( I+l )+2.DG,:<P(l)) 
GO TO 26 . 

22 PATI=0.5DO=::(P(I)+P(I+l)) 
GO TO ?.b 

2 ~ P .AT I =0. 5 QO::: { :> ( I ) +:> ( I -.1 ) ) _ 
26 qJTU=U(l) . 

lF(PlTil.GT.AMJV(l)) GO TO 30 
HI TMU=A~U( 1 ). 
GO TD f,O 

30 DO 40 J=2rNWF~ 
IF(AMUV{JJ.G~.~lTU) GC TO ~n 

4 0 C f.HH I ~ll.l [ 
P.ITMU;:fi"1U('IW!=~) en rn 60 

~0 eiT=(AMJV{J)-~lTU)/(l~JV(J)-A"1JV{J-l)) 
P. I T Hll = .~ . ...., U ( J- 1 ) ::: r I T + /1'~ J ( J ) ::: { 1 • D 0-8 I T ) 

60 O(H~F (I )=-4.LG/Of;:;:p 1Tt'U':'PATI 



IF(OABS(BITU).GT.t.r-10) QORF(I)=QOPF(I)*9ITU/DAB~CBITU) 
1 0 C rJ N T I r,;u E 

RETURN 
END 

'" 
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